Heteroptera, the true bugs, are part of the largest clade of non-holometabolous insects, the Hemiptera, and include > 42 000 described species in about 90 families. Despite progress in resolving phylogenetic relationships between and within infraorders since the first combined morphological and molecular analysis published in 1993 (29 taxa, 669 bp, 31 morphological characters), recent hypotheses have relied entirely on molecular data. Weakly supported nodes along the backbone of Heteroptera made these published phylogenies unsuitable for investigations into the evolution of habitats and lifestyles across true bugs. Here we present the first combined morphological and molecular analyses of Heteroptera since 1993, using 135 taxa in 60 families, 4018 aligned bp of ribosomal DNA and 81 morphological characters, and various analytical approaches. The sister-group relationship of the predominantly aquatic Nepomorpha with all remaining Heteroptera is supported in all analyses, and a clade formed by Enicocephalomorpha, Dipsocoromorpha and Gerromorpha in some. All analyses recover Leptopodomorpha + (Cimicomorpha + Pentatomomorpha), mostly with high support. Parsimony-and likelihood-based ancestral state reconstructions of habitats and lifestyles on the combined likelihood phylogeny provide new insights into the evolution of true bugs. The results indicate that aquatic and semi-aquatic true bugs invaded these habitats three times independently from terrestrial habitats in contrast to a recent hypothesis. They further suggest that the most recent common ancestor of Heteroptera was predacious, and that the two large predominantly phytophagous clades (Trichophora and Miroidea) are likely to have derived independently from predatory ancestors. We conclude that by combining morphological and molecular data and employing various analytical methods our analyses have converged on a relatively well-supported hypothesis of heteropteran infraordinal relationships that now requires further testing using phylogenomic and more extensive morphological datasets.
The hemipteran suborder Heteroptera, the true bugs, comprises more than 42 000 described species in about 90 families (Henry, 2009) . Although typically easy to recognize by the tubular mouthparts, wings being folded flat on the dorsum when at rest and the prominent gula that forms the ventral surface of the head, the morphological diversity of Heteroptera is astounding, with divergent body forms and body sizes ranging from less than 1 mm to more than 11 cm.
Inhabiting various terrestrial, aquatic and even certain marine habitats, and engaging in feeding strategies that range from predation on other arthropods and hematophagy on vertebrates, to mycetophagy and phytophagy, Heteroptera are also one of the ecologically most diverse speciose lineages of insects (Schuh and Slater, 1995) . True bugs contain medically important disease vectors, nuisance pests and species that impact agriculture as either plant pests or beneficial biological control agents (Panizzi and .
For many of these reasons, Heteroptera have attracted the attention of systematists since the beginnings of systematic entomology and attempts to classify the group into subgroupings have been ongoing for almost two centuries. Schuh and Slater (1995) offered a summary and explanation of approaches to the history of heteropteran classification, so here we recount only some of the key developments. Dufour (1833) was the first to divide Heteroptera into subgroups when recognizing Hydrocorisae, Amphibicorisae and Geocorisae, followed by a series of historical classifications reviewed by Reuter (1910) and Tullgren (1918) . The modern impetus took place in the brief, unillustrated, but nonetheless influential paper of Leston et al. (1954) and several monographs that for the first time provided a thorough documentation of heteropteran morphology (Pendergrast, 1957; Scudder, 1959; Miyamoto, 1964; Cobben, 1978; Schuh, 1979) . First introduced by Popov (1971) into the classification of Heteroptera, all modern-day systems of heteropteran higher classification centre on the recognition of infraorders, the highest-level subdivisions within the group. The classification of Heteroptera was further codified by Stys and Kerzhner (1975) , who recognized and discussed the seven infraorders that are still used in current classifications. Building on Schuh (1979 Schuh ( , 1986 marked the onset of methodologically more rigorous approaches to proposing and testing phylogenies that could then be codified into classifications. These approaches have tested and improved prior non-cladistic efforts at heteropteran classification across and within infraorders (Schuh and Stys, 1991; Mahner, 1993; Wheeler et al., 1993; Henry, 1997; Hebsgaard et al., 2004; Damgaard, 2008; Grazia et al., 2008; Cassis and Schuh, 2010; Tian et al., 2011; Li et al., 2012; Weirauch and Stys, 2014; Wang et al., 2016; Li et al., 2017) . Weirauch and Schuh (2011) reprised the 1986 effort of Schuh and summarized the current state of knowledge, and despite some progress during the past 5 years, that account is still up to date in most respects (see also introduction in Wang et al., 2016) .
The key papers listed above that were published during the past 30 years have highlighted that although the monophyly of most infraorders is fairly uncontroversial, relationships among these lineagesbut also between superfamilies within the four larger infraorders-have remained contentious (see fig. 1 in Wang et al., 2016) . Wheeler et al. (1993) tested and recovered the monophyly of Heteroptera and of the six infraorders that were represented by more than one terminal taxon, for the first time using a dataset that combined molecular and morphological data (~669 bp of 18S rDNA, 31 morphological characters). That analysis has remained the only combined morphological and molecular analysis across Heteroptera published to date and the proposed relationships have often been portrayed as the null hypothesis in subsequent studies. Enicocephalomorpha were recovered as sister taxon to all remaining Heteroptera, the Euheteroptera; Cimicomorpha and Pentatomomorpha, the Terheteroptera (Weirauch and Stys, 2014; Wang et al., 2016) or Geocorisae sensu stricto (see also Discussion) , are monophyletic and sister to the Leptopodomorpha, with Nepomorpha recovered as sister taxon to that clade and the four infraorders together known as Panheteroptera; Gerromorpha were supported as the sister taxon of Panheteroptera, forming the Neoheteroptera, and Dipsocoromorpha as the sister taxon to the Neoheteroptera (see fig. 1 .1 in Schuh and Slater, 1995;  for relationships and clade names). Based on morphology alone, lacking important data for several critical groups (Enicocephalomorpha, Dipsocoromorpha), and without formally coding and analysing characters, Mahner (1993) discussed evidence that Nepomorpha may alternatively be the sister taxon to all remaining Heteroptera. All subsequent efforts, such as those of Li et al. (2012) , Wang et al. (2016) and Li et al. (2017) , used Sanger sequencing loci widely employed in insect systematics (ribosomal gene regions and CO1), a combination of ribosomal and protein-coding mitochondrial loci (complete 18S and 28S rDNA and all 13 mitochondrial protein-coding genes), or complete mitochondrial genomes, respectively. Phylogenetic datasets that capitalize on next-generation sequencing technologies (e.g., datasets generated from transcriptomes, full genomes or targeted capture approaches) and have comprehensive taxon sampling have yet to be assembled for Heteroptera beyond studies that focus on specific families (Zhang et al., 2016a,b) . As in other speciose lineages, the cost of next-generation sequencing is still substantial and it is often difficult to secure samples of taxa crucial to extending our taxon sample beyond the families for which standard Sanger loci are available. None of the recently published hypotheses have tried to integrate morphology in combined analyses, and analytical methods have focused on a subset of available approaches. Our use of dynamic homology and fixed alignment approaches to analyze a combined morphological and molecular dataset is therefore justified and timely. This study is also the first to use ancestral state reconstruction approaches to gain insights into the evolutionary history across Heteroptera, focusing on habitat and feeding types.
To facilitate the following discussion of heteropteran relationships and the evolution of habitat associations and feeding strategies, here we provide a brief overview of the seven infraorders recognized in Heteroptera.
Enicocephalomorpha, the unique headed bugs, comprise two families with~320 species ( Stys, 2008) , with 95% of species diversity in the Enicocephalidae. As with the Dipsocoromorpha, the modern classification of this group is heavily based on the morphological work of Pavel Stys with significant contributions also by Wygodzinsky and Schmidt (1991) . Most uniqueheaded bugs appear to live in leaf litter and soil and similar cryptic microhabitats with high humidity (Wygodzinsky and Schmidt, 1991) , and all are thought to be predatory . Recognized as a distinct group based on forewing venation, the unique structure of the raptorial forelegs and genital characters, Enicocephalomorpha have been recovered as the sister taxon to all remaining Heteroptera in many but not all phylogenetic hypotheses. Relationships within the infraorder are largely unknown, but the topology presented by Wygodzinsky and Schmidt (1991) offers a testable hypothesis.
Dipsocoromorpha, the minute litter bugs, are classified into five families and now comprise~430 described species (Schuh and Slater, 1995; Weirauch and Fernandes, 2015; Knyshov et al., 2016; Leon and Weirauch, 2016a,b) , with greatest morphological diversity found among the~350 species of Schizopteridae, the largest family in the infraorder. The biology of Dipsocoromorpha is poorly documented, mostly because of the small size and cryptic habits of these bugs. Traditionally thought to be associated with gravel beds along streams (Dipsocoridae) or leaf litter habitats (other families), it is becoming clear that Schizopteridae and Ceratocombidae inhabit a greater diversity of microhabitats, e.g., decomposing logs, low herbaceous vegetation and the tree canopy in tropical rainforests (Weirauch and Frankenberg, 2015; Leon and Weirauch, 2016a,b) . The current classification of the group is based heavily on the works of Stys (1982 Stys ( , 1983a , his excellent microscopic observations extending the scope and style of work begun by Wygodzinsky in the 1940s (e.g., Wygodzinsky, 1947 Wygodzinsky, , 1948 and continued by Emsley (1969) and Stys (1970) . Unpublished oral presentations by Pavel Stys have questioned the monophyly of the Dipsocoromorpha, primarily because of the confusing distribution of genital symmetry and asymmetries and forewing fractures across the group. However, phylogenetic analyses based on molecular data with increasingly inclusive taxon sampling support the monophyly of Dipsocoromorpha (Weirauch and Stys, 2014 ). In contrast, it has remained unclear which of the remaining infraorders, or which clade composed of several infraorders, constitutes the sister taxon to Dipsocoromorpha (Wheeler et al., 1993; Li et al., 2012; Weirauch and Stys, 2014; Wang et al., 2016) .
Gerromorpha, the semi-aquatic bugs, comprise more than 2100 species in eight families and four superfamilies (Moreira, 2015) . Recognized as a group since Dufour (1833) , the monophyly of Gerromorpha is uncontroversial (Andersen, 1982; Damgaard, 2008) . The majority of taxa are capable of life on the water surface, although this ability is not necessarily achieved by the same morphological adaptation of the tarsus/pretarsus in all families (Andersen, 1982) . Although all Gerromorpha appear to feed on insects and other invertebrates, their hunting strategies include active prey pursuit as well as scavenging behaviors (e.g., Jackson and Walls, 1998; Ditrich and Papacek, 2016) . Traditionally thought to be the sister taxon of the Panheteroptera (Wheeler et al., 1993) , recent analyses place the semi-aquatic bugs in a variety of phylogenetic positions (Li et al., 2012; Wang et al., 2016) .
Nepomorpha, the true aquatic bugs, with 2400 species in 11-13 families (depending on classification) and five superfamilies (Polhemus and Polhemus, 2008; Barbosa and Rodrigues, 2015) , are only slightly more speciose than the Gerromorpha, but show a broader range of morphologies, habitats and feeding types. While the majority of nepomorphan bugs live within aquatic habitats, some species are terrestrial, presumably due to secondary terrestrialization (Mahner, 1993; Hebsgaard et al., 2004) . All Nepomorpha are predators (Papacek, 2001) , except the Corixidae where at least some species feed on microscopic algae in addition to invertebrates (Sutton, 1951; Popham et al., 1984; Reynolds and Scudder, 1987) . The monophyly of Nepomorpha is largely uncontroversial (Hebsgaard et al., 2004; Li et al., 2014; Wang et al., 2016) , but Hua et al. (2009) found that Pleoidea are only distantly related to the remaining Nepomorpha. They elevated Pleoidea to Plemorpha, a suggestion that has been rebutted in more recent analyses Wang et al., 2016) and has received little or no acceptance elsewhere. Different scenarios have been proposed for relationships among superfamilies and families, but well-supported stable hypotheses based on morphological and molecular data have yet to emerge (Rieger, 1976; Mahner, 1993; Hebsgaard et al., 2004; Hua et al., 2009; Li et al., 2014) .
Leptopodomorpha, the shore bugs, comprise fewer than 400 described species in four families and two superfamilies (Schuh et al., 1987; Polhemus and Polhemus, 2008) . The only comprehensive phylogenetic hypothesis for the group recovered Saldidae + Aepophilidae and Omaniidae + Leptopodidae as sister clades (Schuh and Polhemus, 1980) , further corroborated by Zhang et al. (2014) . Although most species are associated with littoral habitats, some occur far from water (Polhemus and Schuh, 1994) , but all are predators (Schuh and Slater, 1995; Jung et al., 2013) . Although most recent analyses recovered Terheteroptera as the sister taxon to the Leptopodomorpha, a clade for which we here coin the term "Geoheteroptera" (also see Discussion), a variety of alternative hypotheses have been published (Schuh, 1979; Xie et al., 2008; Li et al., 2014) .
Cimicomorpha are the largest and arguably most diverse heteropteran infraorder, comprising > 20 000 described species in 17 families and seven superfamilies. Feeding strategies range from phytophagy, predation and hematophagy to mixed feeding strategies and scavenging. All Cimicomorpha are terrestrial and live in a variety of mostly plant-associated microhabitats. Morphology-based phylogenetic investigations (Kerzhner, 1981; Schuh and Stys, 1991) set the stage for the subsequent molecular and morphological analyses by . While the concept of Cimicomorpha has varied in historical times, modern authors treat Reduvioidea, Miroidea, Cimicoidea, Naboidea, Velocipedoidea, Microphysoidea and Joppeicoidea as part of that group . All recent phylogenetic hypotheses of Heteroptera have supported a sister group relationship between Cimicomorpha and Pentatomomorpha (Wang et al., 2016) , but relationships of some of the subordinate groups have remained controversial or poorly supported, such as the monophyly of Thaumastocoridae, and relationships among superfamily-level lineages.
Pentatomomorpha, the stink bugs and allies (> 16 000 species in six superfamilies and 42 families), while not quite as speciose as Cimicomorpha, are the second largest heteropteran infraorder (Henry, 1997 (Henry, , 2009 ). Mostly phytophagous, many pentatomomorphans feed on sap, seeds and fruits rather than vegetative tissues, but vegetative feeding, predation, mycetophagy, and even vertebrate hematophagy occur in the group (Schuh and Slater, 1995; . All Pentatomomorpha are terrestrial and most live on plants, with some being ground-or even soil-dwelling. Henry (1997) investigated phylogenetic relationships within Pentatomomorpha with emphasis on Lygaeidae and related groups; the current recognition of six superfamilies is based on the outcomes of that study. The three molecular studies that have so far attempted to resolve relationships across the infraorder, Li et al. (2005) , Hua et al. (2008) and Tian et al. (2011) , recovered partially conflicting relationships between Coreoidea, Lygaeoidea, Pyrrhocoroidea and Pentatomoidea, but agreed in treating Aradoidea as the sister taxon to all remaining Pentatomomorpha, the Trichophora (Idiostoloidea not included in these analyses). The monophyly of Pentatomoidea (Grazia et al., 2008) and of Pyrrhocoroidea , respectively, are well established, but whether Lygaeoidea and Coreoidea will be recovered as monophyletic in analyses with more substantial taxon and character sampling remains to be seen.
As has become clear from the above, Heteroptera show considerable breadth of feeding strategies and habitat and microhabitat preferences. Heatedly debated in the 1970s (Cobben, 1978; Schuh, 1979; Sweet, 1979) , more recent publications seem to suggest that much of the debate around the evolution of feeding strategies and habitats has been settled (Schuh and Slater, 1995; Rainford and Mayhew, 2015; Walker et al., 2016; Li et al., 2017) , but these lacked methodological rigour and failed to capture the diversity of feeding types and microhabitats in the group. No study employing parsimony and/or likelihood-based ancestral state reconstruction with a focus on Heteroptera and with comprehensive taxon sampling has been published to date. Cobben (1978 Cobben ( , 1979 , based on non-cladistic argumentation mostly derived from his observation of mouthpart structures across Heteroptera, postulated that the most recent common ancestor (MRCA) of Heteroptera was probably predatory. He also assumed that early diversification within Heteroptera occurred in semi-aquatic habitats, mostly because he assumed that the MRCA of all Heteroptera resembled certain Gerromorpha. His hypotheses were countered by Sweet (1979) , who proposed, also based on non-cladistic argumentation, that the MRCA of Heteroptera was phytophagous with various predatory lineages being independently derived, but assumed that that ancestor was terrestrial. Schuh and Slater (1995) stated that phytophagy probably evolved at least twice within Heteroptera, based on the 1993 phylogenetic hypothesis (Wheeler et al., 1993) and general feeding patterns across true bugs. In contrast, Li et al. (2017) postulated that phytophagy only evolved once in the Heteroptera, in the MRCA of Pentatomomorpha and Miroidea that form a clade in their analysis. With respect to habitat, Wang et al. (2016) proposed that several of the deep splits within Heteroptera occurred in aquatic habitats (i.e., see their fig. 2: nodes and branches in blue), while Li et al. (2017) suggested that aquatic and semi-aquatic habitats were colonized secondarily, rekindling interest in that topic.
Within the confines of this brief recounting of heteropteran relationships and evolutionary history, the objectives of the present paper are fivefold. First, to produce the only combined analysis based on morphology and nucleotide data since that of Wheeler et al. (1993) . Second, to present the most comprehensive taxon sample of any analysis to date, whether based solely on nucleotide data or also including morphology. Third, to greatly augment the morphological character sample presented by Wheeler et al. (1993) . Fourth, to improve the rigour of the analysis with regard to sequence cleaning and alignment as well as application of analytical tools, recognizing that 75% of the data used by Li et al. (2012) was taken from Gen-Bank records produced as part of our own field and laboratory efforts and therefore also included in this study. Fifth, to examine the implications of our phylogenetic results on the evolution of feeding strategies, habitat preferences and morphological diversification in the Heteroptera, aspects of evolutionary argumentation that have heretofore been discussed for the most part only within infraorders (e.g., .
Materials and methods

Taxon sampling
A total of 135 taxa were sampled for the morphological and molecular datasets, comprising 127 Heteroptera and eight outgroups ( Table 1) . The sample includes 60 families of Heteroptera across the seven infraorders. Enicocephalomorpha are represented by four taxa of Enicocephalidae and one of Aenictopecheidae, Dipsocoromorpha by three of the five families (nine taxa), and Gerromorpha by four taxa representing as many families (out of eight in total). For Nepomorpha, nine of the 11-13 families are represented by nine taxa and four taxa of Leptopodomorpha, sampling two of the four families. In Cimicomorpha, 12 Reduvioidea represent the two families Pachynomidae (both subfamilies) and Reduviidae (seven of 24 subfamilies); one terminal each Microphysidae and Joppeicidae; four terminals Nabidae (both subfamilies); and nine terminals Cimicoidea in six families. 
Morphological data
The morphological dataset consists of 81 characters. Descriptions of characters and character states are outlined in the results, together with a discussion of the distribution of the characters across the phylogeny; the morphological matrix is provided as Supporting Information Appendix S1A and S1B. Building on published matrices (Schuh and Stys, 1991; Wheeler et al., 1993; Grazia et al., 2008; Cassis and Schuh, 2010) , we have refined and sometimes simplified characters from these mostly infraorder-focused analyses. We have coded several characters that have not previously been incorporated into phylogenetic analyses of Heteroptera, but where comparative data have been published across Heteroptera, Auchenorrhyncha and Coleorrhyncha that allow for meaningful coding. These included features of the dorsal vessel such as the arrangement of alary muscles as documented by Hinks (1966) and characters derived from the intestinal tract that was studied and carefully illustrated by Miyamoto (1961) . We also take advantage of some recent character exploration, such as wing-towing and wing-to-body coupling devices documented by Weirauch and Cassis (2009) . However, we did not include some of the character complexes recently documented where information for major clades is still unavailable and that would have required extensive additional morphological observation and documentation (e.g., internal head morphology: Spangenberg et al., 2013 ; fine structure of mouthparts: Brozek and Herczek, 2004; Brozek, 2013) . We only included a few characters that aim on testing the monophyly of Heteroptera (presence/absence of a gula etc.), because the emphasis of this study is on proposing and testing relationships at the infraordinal and superfamily levels within Heteroptera. We also excluded characters that show great plasticity within superfamilies and infraorders, assuming that this would introduce high levels of homoplasy to the dataset. The morphological dataset is not comprehensive, because many character systems are not fully explored across Heteroptera and homology concepts remain tentative. This is true for character systems that are widely used in other taxa, such as wing venation and male and female genital structures. Characters were coded from voucher specimens or other conspecific specimens, images and the literature (e.g., Pendergrast, 1957; Miyamoto, 1961; Hinks, 1966; Cobben, 1968 Cobben, , 1978 Davis and Usinger, 1970; Carayon, 1971; Bourgoin, 1993; Dietrich, 2005; Burckhardt, 2009; Dmitriev, 2010) .
Documentation for selected characters is provided in Figs 1 and 2. Habitus and detail photographs were taken using a Leica DFC 450 C Microsystems setup with Planapo 1.09 and 2.09 objectives or a GT Vision imaging system on a Zeiss Axioskop 2 compound microscope. Zerene Stacker was used to assemble composite images. Images were edited in Photoshop CS4 and image plates were assembled in Corel Draw X3. For scanning electron microscopy, specimens were dissected, mounted on a stub with an adhesive carbon sticker, coated with gold-palladium using a Cressington 108 auto sputter coater, and examined and documented using an Hitachi S-4700 electron microscope at the Central Facility for Advanced Microscopy and Microanalysis at the University of California, Riverside.
Molecular data
The core sequences used for the molecular component of this study were made available on GenBank by two of us (WCW and RTS), and subsequently used for broad-based phylogenetic studies of Heteroptera (Li et al., 2012; Wang et al., 2016) as well as in more restricted analyses (Grazia et al., 2008; . We re-examined these sequences, disregarding short sequences and sequences that aligned poorly with the remainder of the dataset (see alignment methods below). We combine this dataset with selected sequences from other studies (Hebsgaard et al., 2004; Weirauch and Munro, 2009; Tian et al., 2011) , and new sequences (see Table 1 ). To generate a dataset with minimal missing data, we selected the three ribosomal gene regions that have been amplified most consistently across Heteroptera, and other Hemiptera, 16S rDNA, 28S rDNA and 18S rDNA, and that have been shown to resolve phylogenies at similar levels of divergence. A summary of the molecular dataset is provided as Appendix S5.
DNA extraction, PCR amplification and sequencing
Procedures for extraction of genomic DNA, PCR amplification and Sanger sequencing follow protocols described by , Munro (2009), Forthman and , Zhang et al. (2016a,b) .
Phylogenetic reconstruction for dynamic-homology approaches
This phase of analysis was conducted on four 1024-GB RAM, AMD Opteron 6380 Series 2.5-Ghz, parallel 64-core computers at the AMNH using dynamic homology (Wheeler, 2001a,b) , with the direct optimization (DO) method (Wheeler, 1996) , as implemented in a parallel version of POY 5 version 5.1.1 (source code: Wheeler et al., 2014) .
Both combined and separate (not shown) analyses of morphological and molecular data were performed. The separate analysis of these data partitions facilitated the assessment of the pattern of relationships from each. An exploration of different parameter costs [gap opening, insertion/deletion (indel) and transversion/transition (tv/ts)] was undertaken as a sensitivity analysis (Wheeler, 1995) . Three indel cost ratios (1, 2, 4) and three tv/ts cost ratios (1, 2, 4) were employed. Character congruence was measured using the incongruence length difference index (ILD) (Farris, 1973) . The parameter set that minimized the incongruence among the partitions was considered optimal.
Analyses were performed in two stages. The initial analyses consisted of random addition sequence Wagner builds, followed by TBR branch swapping. Tree fusing (Goloboff, 1999) followed. Each run held a maximum of eight trees per replicate. A final round of TBR branch swapping was performed, prior to reporting the resulting trees [command line: build(8) swap() fuse(iterations:240) select(best:8) swap() select()]. The first round of analyses was performed for each of the nine parameter combinations under investigation. All subsequent analyses involved combining the trees from the previous analyses and using them as input trees in the next round. The process was repeated until the results of all the parameter combinations were stable (three rounds). This strategy (Simulated Annealing Tree Fusing, SATF) has proven to be quite effective in identifying stable and heuristically optimal results (D'Haese, 2003; Wheeler et al., 2004; Boyer et al., 2005; Giribet, 2007; ) in other analyses.
For POY analyses using maximum likelihood ( Fig. S2 ), implied alignments were generated for each of the molecular partitions. As with the parsimony analyses described above, both combined (i.e., with morphological data) and molecular analyzed were performed. The morphological data were analyzed using the "no-Common-Mechanism" model (Tuffley and Steel, 1997) and molecular data via an enhanced GTR model with indels included as a fifth state (Wheeler, 2006) . All model parameters (priors, transition probabilities) were estimated from the data using the best combined parsimony analysis (generated as above). The POY commands were "set(opt:coarse)", "transform((names:("Matrix-morphology.ss"),(likelihood: (ncm))))", "transform(likelihood:(gtr,rates:gamma:(4), priors:estimate,gap:coupled,mal))", "swap(all:5,tbr,optimize:(model: never,branch:join_region))" and "set(opt:exhaustive)".
Sequence alignment and phylogenetic reconstruction for fixed-alignment approaches
The three gene regions were separately aligned in MAFFT (Katoh and Standley, 2013) using the G-INSi algorithm and concatenated using SequenceMatrix v1.7.8. (Vaidya et al., 2011) with external gaps coded as question marks.
For parsimony analyses, the morphological and molecular as well as the combined datasets (Appendix S2) were analyzed using New Technology search implemented in TNT v1.1 (Goloboff et al., 2008) . Internal gaps were treated as fifth states. Equal weights analyses (molecular and morphological datasets separately, and combined) used the following parameters in "New Technology Search" with sectorial searches, tree drifting and tree fusing using default settings: initial addseq = 30, find minimum tree length 100 times and random seed = 2000. Unsupported nodes were collapsed. Because preliminary analyses using implied weights (K = 100; K = 10; K = 3) resulted in identical numbers of most parsimonious trees and identical topologies, we did not further explore the effect of other k-values. Nodal support was assessed using 500 replicates of standard bootstrap support and jackknifing with 36% character removal probability ("New Technology Search" with sectorial search, ratchet, drift and tree fusing [default], initial addseqs = 30, find minimum length tree 2 times). Frequency differences (GC) are reported. Bootstrap support values are provide above nodes and symmetric resampling values below nodes in Fig. 3 . For likelihood analyses, the molecular and the combined morphological and molecular datasets were analyzed using RAxML (Stamatakis et al., 2008) on the CIPRES Science Gateway v3.3 (Miller et al., 2010) . The best partition scheme and models of molecular evolution were determined by PartitionFinder for the molecular partitions and the Mkv model of morphological evolution (Lewis, 2001) for the morphological partition. Using random starting trees, 50 search replicates were performed for each dataset. Non-parametric bootstrap analyses were run for 500 iterations. Only bootstrap support values above 50% are provided in Fig. 5 .
Ancestral state reconstruction of habitats, lifestyles, and morphological features
Three sets of ecological characters (Appendix S4) were coded and optimized on the combined RAxML morphological and molecular phylogeny (Figs 6 and 7). This topology ( Fig. 5 ; Appendix S3) was used for reconstructions of ecological characters because the results of the RAxML analysis are more consistent with published phylogenetic hypotheses for a number of subclades (e.g., Reduvioidea, Leptopodomorpha, Trichophora; see Results). Ancestral state reconstructions using parsimony were visualized in WinClada version 1.00.08 (Nixon, 2002) or Mesquite version 3.04 (Maddison and Maddison, 2016) , and likelihood optimizations in Mesquite. To test the hypothesis proposed by Wang et al. (2016) that several of the deep splits within Heteroptera occurred in aquatic habitats (see their fig. 2: nodes and branches in blue), the first ecological character encodes macrohabitat types. We argue that the coding for this character in Wang et al. (2016) , which only distinguished aquatic and terrestrial habitats, is too simplistic and we instead coded four character states that better describe broad habitat types across Heteroptera. In addition to terrestrial (majority of Heteroptera) and aquatic (most Nepomorpha), we coded most Gerromorpha as "water-surface dwelling", and Ochteroidea, Macroveliidae, Dipsocoridae and most Leptopodomorpha as "hygropetric and/or littoral riparian" (Fig. 6 ). Natural history data were coded from Schuh and Slater (1995) as well as primary sources. To gain insights into more narrowly defined habitat types that we here refer to as microhabitats, we subdivided the "terrestrial" character state from the above optimization into seven microhabitats inhabited by Heteroptera ( Fig. 7) : in addition to "plant-dwelling (living trees, forbs, green leaf tissue or flowers)" that is found in the majority of heteropteran species, other character states describe an association with decomposing trees or dwelling underneath tree bark (e.g., Aradidae), leaf litter/soil inhabiting (e.g., many Enicocephalidae), leaf litter/wet moss (e.g., many Dipsocoromorpha), and the rather variable microhabitat associations found in many Cimicoidea ("ground and/or bark and/or vegetation"; this state also includes nest associations as found in Cimicidae and many Triatominae). To trace transitions between feeding types in Heteroptera, we divided feeding strategies reported from true bugs into ten character states. We defined hematophagy, predation on other arthropods and mycetophagy in rather general terms, i.e., we did not further subdivide these states depending on which group of organism among vertebrates, invertebrates or fungi is fed upon. In contrast, phytophagous feeding habits were divided into four states that specify if a heteropteran tends to feed on the vegetative parts of a plant, on the seeds or fruits, on the roots or on a combination ("vegetative and/or fruit feeder"). Various Gerromorpha have been reported to prey on drowning insects or carrion on the water surface, and we therefore coded all Gerromorpha as facultative "predators and/or scavengers" (e.g., Jackson and Walls, 1998; Ditrich and Papacek, 2016) . Along similar lines, some Miridae and Berytidae have been reported to facultatively feed on plants, other insects inhabiting these plants or insect carrion entrapped on the plant (Krimmel and Pearse, 2013; Wheeler and Krimmel, 2015) and we coded this feeding strategy accordingly as "mixed feeding (phytophagy, predation and/or scavenging)" for the two Dicyphini included in the dataset. Other Miridae either feed on plant tissue or other insects (see e.g., Wheeler, 2001a ) and we coded this as "mixed feeding (phytophagy and predation)" for Rhinacloa forticornis Reuter (Culliney, 2014) . Data for habitat and feeding type are mostly from Schuh and Slater (1995) , references therein and references listed above.
We also used the best tree derived from the combined morphological and molecular RAxML analysis ( Fig. 5 ) to optimize the 81 characters assembled in the morphological matrix ( Fig. S1 ). Character discussions (see Results) are based on the parsimony-optimized ancestral state reconstructions in Mesquite (P/ML; Fig. 5 ). Where this optimization was ambiguous, we in addition discuss likelihood optimizations on the same topology (ML/ML) for some characters and provide the proportional likelihood percentage where appropriate.
Results
Phylogenetic hypotheses
Phylogenetic hypotheses derived from the combined morphological and molecular datasets are presented in Figs 1-3. The results are summarized in Table 2 , which also serves as a point of comparison with some recently published topologies. The strict consensus of the fixed-alignment parsimony analysis (TNT) that resulted in 573 fundamental trees [length (L) = 21 966; consistency index (Ci) = 25; retention index (Ri) = 44] is shown in Fig. 1 with images of representatives of many of the heteropteran families included in our analyses, the dynamic optimization majority consensus in Fig. 4 (POY) and the best likelihood tree in Fig. 5 (RAxML) . Support values for specific nodes referred to below are jackknife values for the TNT analysis (both bootstrap and jackknife provided in Fig. 3 ), parameter robustness support values for the POY topology are majority consensus percentages over nine parameter sets and bootstrap values for the RAxML analysis.
The proposed higher-level relationships show substantial congruence across the different analyses for the three combined morphological and molecular analyses (Figs 1-3 ). Heteroptera are recovered as monophyletic with maximum support and Nepomorpha are highly supported as the sister group to all remaining Heteroptera (TNT: 99%; POY: 100%; RAxML: 97%). Coleorrhyncha are the sister group to Heteroptera in all analyses, but limited outgroup sampling makes our analyses poor tests of moss bug relationships. The infraorders are monophyletic and mostly highly supported (Figs 3-5, Table 2 ) in all analyses except for Cimicomorpha which are paraphyletic with respect to Pentatomomorpha in the POY analysis ( Fig. 4) and unresolved in the TNT analysis ( Fig. 3) . Table 2 Presence/absence and support for major clades derived from analyses conducted as part of this study and published phylogenetic hypotheses. The first three columns (bold faced numbers) refer to results from the present analyses: TNT rDNA morphology (JK): jackknifing values for the combined fixed alignment parsimony analysis; POY rDNA morphology: parameter robustness for the topology derived from the combined parsimony analysis using dynamic homology; RAXML rDNA morphology (BS): bootstrap support values for the combined fixed alignment likelihood analysis. The remaining columns show support values from Li et al. (2012) 
Morphological characters and ancestral state reconstruction
Character reconstructions referred to below are based on either parsimony (P/ML) or maximum likelihood reconstructions (ML/ML) on the best likelihood topology. We abbreviate the "most recent common ancestor" of a clade to MRCA.
0. Constriction of head behind eyes: (0) not conspicuously constricted; (1) head necklike behind eyes. This character is derived from Stys (1983a) and Wheeler et al. (1993) . Heads with a necklike constriction are recovered as synapomorphies for Enicocephalomorpha and independently in the Reduviidae. Once thought to unite Enicocephalomorpha and Reduviidae (Usinger, 1945) , this character has long been recognized as homoplastic.
1. Antenniferous tubercle adjacent to antennal base: (0) absent; (1) present. This character is derived from Grazia et al. (2008) . Antenniferous tubercles in Aradidae, Pachynomidae and Tingidae are here recovered as independently derived.
2. Mandibular plates: (0) not projecting past midpoint of clypeus; (1) reaching to apex of clypeus or slightly beyond; (2) short. This character is derived from Cassis and Schuh (2010) , but treated as nonadditive. The mandibular plates (or lorum) in Auchenorrhyncha and Coleorrhyncha were coded according to Burckhardt (2009) and Dmitriev (2010) . The MRCA of Heteroptera possessed fairly short mandibular plates; enlarged plates are reconstructed to have evolved independently within the Aradidae and in the Pentatomoidea.
3. Eyes: (0) spherical; (1) reniform. This character is derived from Schuh and Polhemus (1980) and Cassis and Schuh (2010) . Eye shape was evaluated by observing representative taxa in lateral view; character codings can be evaluated by examination of figures in this paper (Fig. 1a,b ) and in the literature. Our reconstruction proposes numerous transitions between spherical and reniform eyes. All except the one for Schizopteridae are ambiguous in the P/ML optimization, while there is higher likelihood for the reniform eyes in Nepomorpha, Schizopteridae, Leptopodomorpha and Reduvioidea to be apomorphic for each of these clades.
4. Ocelli: (0) present; (1) absent. Present in the MRCA of Auchenorrhyncha, Coleorrhyncha and Heteroptera, ocelli are reduced in Coleorrhyncha, many Nepomorpha, and some Gerromorpha, Pentatomomorpha and Cimicomorpha coded in the present analyses. Additional losses of ocelli occur in many other taxa not coded in this dataset, often in association with flightlessness [e.g., multiple losses within Reduviidae (Wygodzinsky, 1966; Weirauch, 2008) , Schizopteridae (Emsley, 1969; Leon and Weirauch, 2016a,b) and Lygaeoidea (Henry, 1997) ]. The loss of ocelli in Aradidae, Pyrrhocoroidea and Tingidae + Miridae (with a reversal in the Isometopinae) are treated as synapomorphies for each of the clades.
5. Ocellar position: (0) between eyes; (1) behind eyes. This character is derived from Wheeler et al. (1993) , where it was part of a character describing head shape (character 2). We here treat head shape and ocellar position separately. Ocelli that are located behind the eyes, rather than between the eyes, are reconstructed as synapomorphies for Enicocephalomorpha and for Reduviidae.
6. Cephalic trichobothria: (0) 3 or 4 pairs; (1) absent. Cobben (1978) speculated that three pairs of cephalic trichobothria may be a feature of the MRCA of all Heteroptera. Setae that we here refer to as "cephalic trichobothria" are clearly shown for Leptopodomorpha in the illustrations of Polhemus (1980, 2009) , figures that are representative of structurally and positionally similar setae in the Rhyparochromidae. Figure 2a illustrates the cephalic trichobothria in a representative of the Gerromorpha, and Fig. 1c the sockets (trichobothria removed) of what we identify as trichobothria in a slide-mounted representative of Schizopteridae. Our character coding is derived from Wheeler et al. (1993) , who separately coded the absence or presence of cephalic trichobothria in adults (their character 23) from the structure of the base of these trichobothria (their character 5; see our character 7). Our reconstruction of cephalic trichobothria postulates the absence of cephalic trichobothria in the MRCA of Heteroptera; the P/ML optimization treats these structures as homologous in and synapomorphic for the Enicocephalomorpha + Dipsocoromorpha + Gerromorpha clade, but they may be homologous in Leptopodomorpha. Optimization of cephalic trichobothria within the Terheteroptera is ambiguous, where they may be of independent origins in Cimicoidea, Pachynomidae and Idiostoloidea, while the trichobothria in Rhyparochromidae are unambiguously independently derived. While cephalic trichobothria are easy to identify and homologize in certain taxa (e.g., Gerromorpha), their identity is much less clear in other groups where some of the cephalic setae may be homologous with the cephalic trichobothria (e.g., Dipsocoromorpha). We here coded them as present in Dipsocoromorpha, despite the fact that further scrutiny may reveal their absence.
7. Base of cephalic trichobothria: (0) not placed in pit; (1) placed in deep pit. Long recognized as a unique feature of Gerromorpha, our coding of the specialized base of the cephalic trichobothria that forms a deep pit is consistent with Cobben (1978) , Andersen (1982) and Wheeler et al. (1993) and unambiguously treats the deep pit as apomorphic for Gerromorpha.
8. Antennal segments: (0) 5-segmented, with pedicel subdivided; (1) 3-segmented (scape, pedicel and unsegmented flagellomeres); (2) 4-segmented (scape, pedicel, basi-and distiflagellomere). The two basal antennal segments, the scape and pedicel, can be homologized across Hemiptera, with only the pedicel being further subdivided in some taxa (state 0). The distal portion of the antenna (i.e., beyond the scape and pedicel) comprises either a single segment (Coleorrhyncha: Schlee, 1969; Auchenorrhyncha; state 1) or two segments, the basi-and distiflagellomeres, as in the great majority of Heteroptera (state 2). The pedicel is subdivided in the Prostemmatinae (Nabidae), Pachynomidae and Pentatomoidea. Our reconstruction confirms the traditional view that the MRCA of Heteroptera possessed a 4-segmented antenna, with independent subdivisions of the pedicel to an apparently 5-segmented condition in the above taxa.
9. Antennal position in repose: (0) folded backward over eye; (1) projecting forward or lateral; (2) folded backward under eye. This character is coded according to Cassis and Schuh (2010) , adding state 0 to describe the condition found in Phymatinae. The backward folded antenna that is invisible in dorsal view in all Nepomorpha is an uncontradicted synapomorphy for that clade.
10. Scape: (0) short, stout, less than 2 times as long as wide; (1) elongate, slender, more than 3 times as long as wide. This character is simplified from Cassis and Schuh (2010) to only comprise two character states. The P/ML optimization indicates that the short scape found in Nepomorpha is homologous to the condition found in the outgroups, while reconstructing one transition from short to longer scape in the MRCA of all Heteroptera except Nepomorpha (with multiple reversals within that clade).
11. Pedicel: (0) short, stout, less than 2 times as long as wide; (1) more elongate, slender, more than 3 times as long as wide as wide; (2) globose. This character is coded after Cassis and Schuh (2010) , adding state 2 to describe the condition in some Auchenorrhyncha. A short pedicel is reconstructed as the condition in the MRCA of all Heteroptera, with a more elongate pedicel treated as a synapomorphy of the clade comprising all Heteroptera except the Nepomorpha, with several reversals within that clade.
12. Basiflagellomere: (0) short, stout, length about 2 times diameter or less; (1) slender, long, length about 3 times diameter or more; (2) part of very slender flagellum. Coded after Cassis and Schuh (2010) , the P/ML optimization treats the more slender and elongate basiflagellomere (state 1) as a synapomorphy of the clade formed by Heteroptera excluding the Nepomorpha.
13. Distiflagellomere: (0) short, stout, length about 2 times diameter or less; (1) slender, long, length about 3 times diameter or more; (2) part of very slender flagellum. Optimization for this character is similar to the basiflagellomere, where a slender and elongate distiflagellomere supports the monophyly of the clade formed by Heteroptera excluding the Nepomorpha.
14. Pedicellar trichobothria: (0) absent; (1) 1 to many present. Between one and several trichobothria on the pedicel are observed in Pachynomidae and Reduviidae (Wygodzinsky and Lodhi, 1989; Weirauch, 2003) , have previously been recovered as a synapomorphy for Reduvioidea (Schuh and Stys, 1991; ) and are optimized accordingly in this reconstruction.
15. Labial insertion: (0) at base of head, gula absent; (1) ventral surface of head, gula present; (2) anterior surface of head, gula present. Modified from Schuh and Stys (1991) , the ventral insertion of the labium on the head capsule (with gula) is recovered as an apomorphy of Heteroptera. The anteriorly articulating labium (state 2) is recovered as separate synapomorphies for Reduvioidea and the CMN clade (ML/ML), while the P/ML optimization is ambiguous. The anteriorly positioned labium in Gerromorpha and Enicocephalomorpha may be of independent origins based on the P/ML optimization, while ML/ML favors independent transitions to the anterior articulation in Gerromorpha and Enicocephalomorpha.
16. Labial segment 1: (0) reduced or absent; (1) short, about as wide as long; (2) elongate. This character was coded after Schuh and Stys (1991) and Cassis and Schuh (2010) , but was subdivided into three states. The P/ML reconstruction indicates that the MRCA of Heteroptera possessed a fairly short first labial segment that is retained across much of the Heteroptera. The condition in the MRCA of Terheteroptera is ambiguous (P/ML; either very short or elongate), with the likelihood optimization favoring the short condition. The elongate first labial segments in Pentatomomorpha and Miroidea are treated as independently derived.
17. Labium (shape): (0) straight; (1) strongly curved. The shape of the labium is coded after Schuh and Stys (1991) . A strikingly curved labium is restricted the Reduvioidea and Nabidae and recovered as independently derived synapomorphies for both clades (with a reversal in the Triatominae in the Reduviidae).
18. Stylets, inside head: (0) not coiled; (1) coiled. This character is coded after Cassis and Schuh (2010) , and follows that matrix in treating different types of coiling reported for Aradidae by Vasarhelyi (1987) as one state. The coiled stylet is a synapomorphy for Aradidae in our analyses.
19. Buccula: (0) obsolete; (1) short, covering base of labium; (2) moderate length, covering half the head or less; (3) long, extending over almost entire length of head. This character is modified from Cassis and Schuh (2010) to include state 0, where the buccula is absent or obsolete. A short buccula is illustrated for a representative of Dipsocoromorpha ( Fig. 2b) and an obsolete buccula for a species of Pachynomidae (Fig. 1d ). Our analyses recovered multiple transitions between the different shapes and sizes of bucculae. A short buccula was reconstructed for the MRCA of Heteroptera, with reductions in Enicocephalomorpha and most Reduvioidea. The buccula in the MRCA of Terheteroptera was optimized to be of moderate size, with transitions to large bucculae in Tingidae and some Aradidae and Reduviidae. 20. Scutellum: (0) small, 1/10 to 1/5 length of hemelytron; (1) large, 1/3 length of hemelytron; (2) very large, reaching apex or near apex of hemelytron. Coded after Cassis and Schuh (2010) . The relative size of the scutellum in the MRCA of Heteroptera was ambiguously reconstructed as being either small or large in the P/ML optimization while the ML/ML optimization favors the large scutellum (96%). The small scutellum in Gerromorpha is treated as a synapomorphy of the group (ambiguous in P/ML; 95% in ML/ML). The very large scutellum in Scutelleridae and Cydnidae is here treated as a synapomorphy. Other transitions between small and larger scutellum within the Terheteroptera are mostly ambiguous, with low percentages in the ML/ML optimization not clearly favoring either of the scenarios.
21. Depression on prosternum for receipt of labium: (0) absent; (1) present, without transverse ridges; (2) present, with transverse ridges. A traditional diagnostic feature and synapomorphy for Reduviidae (e.g., Weirauch, 2008), we coded the prosternal depression as present with (Reduviidae) or without (Tingidae, Pyrrhocoroidea) transverse ridges. The depressions are recovered as synapomorphies for each of the three clades.
22. Depression on mesosternum for receipt of labium: (0) absent; (1) present. Coded after Cassis and Schuh (2010) , a depression on the metasternum is here reconstructed as synapomorphic for Tingidae and for Pyrrhocoroidea.
23. Development of pleural ridge: (0) pleural ridge well developed; (1) plural ridge weakly developed or absent. This character is based on the morphological documentation by Larsen (1945a,b) and coded modified from character 35 (mesopleuron subdivision) in Cassis and Schuh (2010) . According to Larsen (1945a, b) non-heteropteran Hemiptera and Nepomorpha possess a strongly developed pleural ridge, while this ridge is reduced or absent in other Heteroptera. Based on our analyses, a well-developed pleural ridge is reconstructed as the condition in the MRCA of all Heteroptera, with a reduction in the MRCA of Heteroptera except Nepomorpha and one additional reduction within the Nepomorpha.
24. Forewing, position at rest: (0) held tentlike over dorsum; (1) folded flat over dorsum. Recognized as either a diagnostic feature of Heteroptera (Borror et al., 1989) or Heteropterodea (Schlee, 1969) , the flat position of the forewing is treated as a synapomorphy for Heteropterodea in our analyses.
25. Forewing, structure: (0) coleopteroid; (1) coriaceous on anterior 2/3; (2) corium restricted to anterior and proximal veins; (3) micropterous and coriaceous; (4) membranous with veins sometimes thickened. Coding of this character better represents the distribution of membranous and coriaceous parts of the forewing compared to Wheeler et al. (1993) who only distinguished between two character states (i.e., with or without corium/clavus and membrane). Many Gerromorpha, Enicocephalomorpha and Dipsocoromorpha have a coriaceous area along the anterior and proximal part of the wing (see Fig. 1f-h) , while the majority of Nepomorpha, Leptopodomorpha, Cimicomorpha and Pentatomomorpha have a better developed corium (state 1). We coded the truly membranous or tegminal wings found in Coleorrhyncha and Auchenorrhyncha as state 4. Coleopteroidy is rare in Heteroptera, but occurs in certain Schizopteridae ( Fig. 1e ; Ptenidiophyes in this analysis), and other taxa not coded in this analysis such as Omaniidae, Vianaidinae (Tingidae) and Psamminae (Piesmatidae). Our reconstructions suggest that the MRCA of Heteroptera had a forewing with clearly differentiated corium, with a transition to a more membranous forewing in the MRCA of Enicocephalomorpha, Gerromorpha and Dipsocoromorpha.
26. Frena: (0) absent; (1) present. Frena are areas of tile-like microtrichia located on the scutellar process that interlock with the posterior margin of the forewing clavus. Our coding of this character is after Weirauch and Cassis (2009) . In line with findings in that study, we here reconstruct frena as a plesiomorphic feature for Heteroptera (both P/P and P/ML), with a reduction in Gerromorpha. 27. Druckknopf system: (0) absent; (1) tiles present. Coded according to Weirauch and Cassis (2009) , this character codes the absence or presence of cuticle with tile-like sculpture on the mesothorax that is part of the Druckknopf system as described by Weber (1930) , Cobben (1957) , and Weirauch and Cassis (2009) . The tile-like micro sculpture is coded as absent in Coleorrhyncha, Gerromorpha, Enicocephalomorpha and Ceratocombus spp. among the Schizopteridae, with all remaining Heteroptera possessing this component of the wing-to-body coupling device. Tile-like micro sculpture is also present in Auchenorrhyncha. Their absence in part of the Heteroptera is apomorphic, but optimization is ambiguous (either separate reductions in Enicocephalomorpha, Gerromorpha and part of the Dipsocoromorpha, or once in the MRCA of the clade and with reversals in Schizopteridae and Dipsocoridae).
28. Tile-like microtrichia on mesopleuron located on: (0) unmodified cuticle (no elevation); (1) flap; (2) ridge;
(3) knob. More striking than the absence or presence of tile-like micro sculpture on the mesepimeron are the surrounding modifications that in many Heteroptera are associated with the Druckknopf system. This character is coded following Weirauch and Cassis (2009) . Of those Heteroptera that possess a Druckknopf system tiles are located on a flap-like structure in Schizopteridae, a knob in Leptopodomorpha, most Cimicomorpha and some Pentatomomorpha, a ridge in Nepomorpha, most Pentatomomorpha and in Pachynomidae, while this area is not elevated in Dipsocoridae. Our P/ML optimization reconstructs either a ridge-or flap-like elevation for the MRCA of Heteroptera (ML/ML favors a ridge-like structure with 62%). The knob-shaped structure found in Leptopodomorpha and many, but not all, Terheteroptera is also ambiguously optimized in the P/ML reconstruction; the proportional likelihood of the knob being present in the MRCA of Geoheteroptera in the ML/ ML is 82%.
Anteriormost longitudinal vein (costa or subcosta):
(0) running to proximal margin of membrane; (1) running to apex of forewing. Coding of this character is according to the character state definition as in Cassis and Schuh (2010) , with Enicocephalomorpha and Dipsocoromorpha sharing an extended anteriormost longitudinal vein, with a similar situation also being found in Thaumastocoridae and Tingidae. Documentation for Enicocephalomorpha and Dipsocoromorpha is provided in Fig. 1f -h, and in Schuh et al. (2006) for Tingidae and van Doesburg et al.
for Thaumastocoridae. Our optimization treats the condition found in Enicocephalomorpha + Dipsocoromorpha as homologous and synapomorphic, while the reconstruction for Thaumastocoridae and Tingidae is ambiguous (either one or two additional independent transitions).
30. Claval commissure: (0) absent, wings overlapping posterior to scutellum; (1) forewings meeting along midline, but without interlocking tile-like microtrichia;
(2) present, with interlocking tile-like microtrichia. As opposed to the claval character in Cassis and Schuh (2010) we here do not attempt to code the relative length of the claval commissure, but its absence or presence in conjunction with the absence or presence of interlocking tile-like microtrichia on the posterior margin of the clavus of both wings. Overlapping wings (no commissure) are found in Gerromorpha, Enicocephalomorpha, Ceratocombidae and Dipsocoridae among the Dipsocoromorpha, some Pentatomoidea, Tingidae and Reduviidae (Fig. 1j) . A claval commissure without interlocking tile-like microtrichia occurs in many Nepomorpha, Schizopteridae and Leptopodomorpha and a commissure with interlocking mechanism in the remaining Cimicomorpha ( Fig. 1i ) and Pentatomomorpha. Our P/ML optimization reconstructs a commissure without interlocking mechanism for the MRCA of Heteroptera, with multiple transitions to interlocking commissure and absence of a claval commissure.
31. Costal fracture: (0) absent; (1) interrupting costa or subcosta, but not delimiting cuneus; (2) long, delimiting cuneus. The absence/presence and length of a costal fracture were coded as in Schuh and Stys (1991) and . A costal fracture that does not delimit a cuneus is observed in Dipsocoridae ( Fig. 1h ) and in Leptopodomorpha, while a cuneusdelimiting costal fracture occurs in Miridae and many Cimicoidea. Our analyses treat the costal fractures in these four clades as independently derived.
32. Foreleg tarsus and tibia: (0) not opposable; (1) tarsus opposable to apex of tibia. This character is derived from Wheeler et al. (1993) , where it was coded as opposable only in the Enicocephalomorpha. Our analyses recover the unique tibio-tarsal configuration as a synapomorphy for that group.
33. Metacoxal adhesive pad: (0) absent; (1) present. This character is updated from Wheeler et al. (1993) where the metaxocal adhesive pad was coded as present for the dipsocorid Cryptostemma, the only representative of the Dipsocoromorpha included in that analysis. Metacoxal pads are present in the five species of Schizopteridae coded in our present analysis (Fig. 2f ), but absent in Cryptostemma and Ceratocombus coded in the present analysis. This structure is thought to aid in jumping and is here treated as a synapomorphy of Schizopteridae (but see comment on Stemmocryptidae in the Discussion). A morphologically similar structure occurs in the Omaniidae (see Schuh and Slater, 1995: fig. 41.2G, H) , a taxon which was not included in the present study.
34. Coxal bases: (0) coxae in each pair no further than coxal width apart; (1) coxae in each pair separated by 3-4 times coxal width. This character is after Cassis and Schuh (2010) . Widely separated coxae were coded only for Aradidae in this analysis, and is accordingly recovered as apomorphic for the clade.
35. Fossula spongiosa: (0) absent; (1) present at least on foreleg. A hairy attachment structure on the tibia of the foreleg or fore-and midlegs occurs in many Reduvioidea, Cimicoidea + Naboidea and Thaumastocorinae among the Miroidea. Weirauch (2007), Zhang et al. (2016a,b) found evidence that this structure arose at least three times independently, once in each of the above-mentioned clades. argued that the multiple origins of a fossula spongiosa reconstructed for Reduvioidea were probably an artifact due to taxon sampling, a notion that was recently confirmed by Zhang et al. (2016a,b) who found evidence for a single origin of this structure in Reduvioidea with numerous reductions. Our P/ML reconstruction indicates that the fossula in the three above-mentioned clades is independently derived.
36. Tarsal segmentation (foreleg): (0) 1 segment; (1) 2 segments; (2) 3 segments. In contrast to Grazia et al. (2008) and Cassis and Schuh (2010) who combined the segmentation of all pairs of legs into one multistate character, we here treat fore-and hindleg as separate characters. Although the majority of Heteroptera have a foreleg with three tarsomeres, two-segmented tarsi occur in numerous groups (e.g., some Nepomorpha, Dipsocoromorpha, Aradidae, Thaumastocoridae, Tingidae, Reduviidae, Miridae, Cimicoidea and Microphysoidea). A one-segmented fore tarsus is rare in Heteroptera, but occurs among the coded taxa in certain Nepomorpha, Reduviidae and Enicocephalomorpha. Our reconstructions indicate that the MRCA of Heteroptera possessed a three-segmented fore tarsus, with numerous transitions to the two-and one-segmented states. The foretarsus in the MRCA of Terheteroptera is ambiguously optimized as either two-or three-segmented since early diverging lineages in the Pentatomomorpha, Miroidea, Reduvioidea and the CMN clade all have two-segmented tarsi. The ML/ ML favors a three-segmented foretarsus with 99% proportional likelihood and multiple reductions to the two-segmented condition.
37. Tarsal segmentation (hindleg): (0) 1 segment; (1) 2 segments; (2) 3 segments. Similar to character 36, the majority of Heteroptera have a three-segmented hindtarsus, with the two-segmented condition occurring among the coded taxa in certain Nepomorpha, Reduvioidea and the CMN clade, and all Enicocephalomorpha, Thaumastocoridae and Tingidae. The hindtarsus in the MRCA of Heteroptera, Terheteroptera, Cimicomorpha and Pentatomomorpha are all reconstructed as three-segmented with multiple transitions to the two-segmented state within these clades.
38. Tarsal segmentation first instar immature (midleg): (0) 1 segment; (1) 2 segments. Coded according to Cobben (1978) , Schuh (1979) and Wheeler et al. (1993) . The P/ML reconstruction treats the one-segmented tarsus found in Enicocephalomorpha, Dipsocoromorpha and Gerromorpha as a synapomorphy of the clade containing these three taxa.
39. Parempodia: (0) setiform; (1) fleshy, curved, convergent apically; (2) fleshy, divergent apically; (3) short stub; (4) absent. Modified from Wheeler et al. (1993) and to code both the absence and the presence of parempodia as well as their shape and orientation into one multistate character. Setiform parempodia (i.e., a pair of setae that arise from the distal portion of the unguitractor plate) are here recovered as a synapomorphy of Heteroptera. The parempodia are reduced to short stubs in Leptopodomorpha (Schuh and Polhemus, 1980) , a synapomorphy for the group. Both apically convergent fleshy parempodia (state 1) and apically divergent fleshy parempodia (state 2) were reconstructed as independently derived in different mirid lineages, a result that will need to be tested based on more comprehensive taxon sampling.
40. Pulvillus: (0) present, arising from ventral surface of claw; (1) absent; (2) present, arising from base of claw. The pulvillus, a membranous structure arising ventrally on the claw (either along its ventral surface or from its base) was coded according to Cassis and Schuh (2010) . A pulvillus occurs in Pentatomomorpha, xylastodorine Thaumastocoridae and certain Miridae (but also in some taxa not coded in this analysis, e.g., Xylocorini within the Anthocoridae). A pulvillus arising from the base of the claw is here recovered as synapomorphic for Pentatomomorpha, for xylastodorine Thaumastocoridae and certain Miridae (e.g., Dicyphus and Tupiocoris). Pulvilli attached to the ventral surface of the claw are here treated as a synapomorphy of Orthotylinae + Phylinae. 41. Setiform dorsal arolium: (0) present, sometimes as vermiform structure; (1) present as sensory mound (dorsomedian sensillum); (2) absent. This character is coded according to the definitions presented in Wheeler et al. (1993) , Weirauch (2005) and . A setiform or vermiform dorsal arolium occurs in Nepomorpha, Enicocephalomorpha, Gerromorpha ( Fig. 2c) and Leptopodomorpha. The dorsal arolium is absent in Dipsocoromorpha, Pentatomomorpha and Miroidea, while some Reduvioidea and members of the CMN clade possess a dorsomedian sensillum, i.e., a strongly reduced dorsal arolium. A well-developed dorsal arolium is reconstructed as a synapomorphy for Heteroptera, with separate reductions in Dipsocoromorpha and Terheteroptera. The dorsomedian sensilla in Reduviidae and members of the CMN clade are ambiguously optimized in the P/ ML reconstruction, while the ML/ML reconstruction favors this structure as a synapomorphy for Cimicomorpha with high proportional likelihood (97%).
42. Ventral vermiform arolium: (0) present; (1) absent. This character was previously coded as separate from character 41 by Cassis and Schuh (2010) [as opposed to Wheeler et al. (1993) who did not differentiate between dorsal and ventral arolia]. For illustrations of a ventral vermiform arolium see Schuh and Slater (1995;  fig. 29 .2F, G; Nepomorpha) and our Fig. 2c (Gerromorpha) . Absent from the majority of Heteroptera (Terheteroptera, Leptopodomorpha, Dipsocoromorpha and Enicocephalomorpha), the ventral arolia in Nepomorpha and Gerromorpha are here reconstructed as independently derived.
43. Bladder-like arolium: (0) permanently inflated; (1) absent. Common in Auchenorrhyncha (Fennah, 1945; Friedemann and Beutel, 2014) and Coleorrhyncha, bladder-like inflated arolia are rare within Heteroptera where they are only known to occur in Schizopteridae (Fig. 2d,e ). The loss of a bladder-like arolium is here reconstructed as a synapomorphy for Heteroptera, with the inflated bladder-like arolia in Schizopteridae being independently derived from those in the outgroups.
44. Dorsal laterotergites: (0) present; (1) absent or fused with mediotergites. See Cassis and Schuh (2010) for a discussion on this topic, including comments on Sweet (1981) . Dorsal laterotergites on the pregenital abdominal segments occur in almost all Heteroptera, except (among the coded taxa) Ochteridae and certain Reduviidae, but are absent in all non-heteropteran Hemiptera. The dorsal laterotergites are recovered as a synapomorphy for Heteroptera.
45. Ventral laterotergites: (0) present; (1) absent or fused with sterna. This character is coded from Cassis and Schuh (2010, see also their discussion). As opposed to the dorsal laterotergites that are almost universally present across Heteroptera, the distribution of ventral laterotergites is less uniform. Present in the non-heteropteran Hemiptera as well as Nepomorpha (except Naucoridae), Enicocephalomorpha, Ceratocombidae, many Aradidae, most Reduvioidea and some members of the CMN clade, our optimizations show that ventral laterotergites were present in the MRCA of Heteroptera, with numerous transitions that either represent reductions or fusions with the sterna, e.g., in the Trichophora, Cimicoidea, Miroidea and Leptopodomorpha.
46. Spiracles 2-8, position: (0) ventral, on laterotergite; (1) ventral, on sterna; (2) on dorsal laterotergite;
(3) some dorsal, some ventral. This character was simplified from Cassis and Schuh (2010) . The spiracles are located on the sterna in most Terheteroptera (except Nabidae, most Aradidae and some Lygaeoidea), some Nepomorpha and Leptopodomorpha, Dipsocoridae and Schizopteridae. They are positioned on the ventral laterotergites in many Nepomorpha, Enicocephalomorpha, Gerromorpha and Ceratocombidae as well as Coleorrhyncha and Cicadoidea and on the dorsal laterotergite in Leptopodidae (except Leotichiini) and some Lygaeoidea. Parsimony and likelihood reconstructions suggest that the position of the spiracles on the sterna in the MRCA of Geoheteroptera is a synapomorphy for this clade. The spiracles were located on the laterotergite in the MRCA of Heteroptera.
47. Genital plates in male: (0) paired; (1) fused to pygophore; (2) absent. Paired genital plates occur in some Auchenorrhyncha (Cicadellidae), are absent in Cicadidae and are fused into a pygophore in the remaining Auchenorrhyncha. They are fused into the pygophore in all Heteroptera, except potentially the Enicocephalomorpha: Stys (in Schuh and Slater, 1995) and Wygodzinsky and Schmidt (1991) suggested that the highly modified genitalia found in Enicocephalidae may be derivatives of the genital plates of Auchenorrhyncha (their fig. 9 ). Enicocephalid genitalia further comprise immobile parameres and lack a phallus, while the Aenictopecheidae possess a T-shaped phallus and large moveable parameres. Our reconstructions indicate that the paired genital plates in Enicocephalomorpha are independently derived from those in certain Auchenorrhyncha.
48. Subgenital plate in female: (0) formed from segment 8; (1) formed from segment 7. Highlighted as a diagnostic feature for Enicocephalomorpha by Stys in Schuh and Slater (1995) , the female subgenital plate is formed from segment 8 only in representatives of this infraorder, while segment 7 forms the subgenital plate in all other Heteroptera, and in the non-heteropteran outgroups. Our analyses recover this feature as a synapomorphy for Enicocephalomorpha.
49. First abdominal spiracle: (0) present; (1) absent. The presence or absence of the first abdominal spiracle is coded according to Schuh and Stys (1991) and (coding for Thaumastocoridae as in the latter paper, i.e., spiracle absent). Present in the MRCA of Heteroptera, our reconstructions indicate that the first abdominal spiracle was lost in Dipsocoromorpha and separately in the CMN clade + Miroidea.
50. Abdominal grasping apparatus laterally between segments 2 and 3: (0) absent; (1) present, without pegs;
(2) present, with well-developed pegs. Long recognized as a unifying feature of the Leptopodomorpha (Cobben, 1957; Schuh and Polhemus, 1980) , the Leptopodidae included in the present analysis were coded as possessing a grasping apparatus without pegs, the Saldidae as with a grasping apparatus with pegs. The abdominal grasping apparatus is recovered as a synapomorphy of Leptopodomorpha in our analyses. 51. Parameres: (0) symmetrical; (1) asymmetrical. This character is coded as in Cassis and Schuh (2010) , not further differentiating between different types of asymmetry. Asymmetric parameres occur in the majority of Nepomorpha, Dipsocoridae and Schizopteridae among the coded Dipsocoromorpha, and Miridae among the Miroidea, and the Cimicoidea except the Plokiophilidae. The MRCA of Heteroptera was reconstructed as having symmetrical parameres, with the asymmetrical conditions arising separately in Nepomorpha, Dipsocoromorpha, Miroidea and the CMN clade. The optimization for the MRCA of the Miroidea is ambiguous in both the P/ML and the ML/ML reconstructions. In contrast, the ML/ML optimization slightly favours (62%) reconstruction for the MRCA of Dipsocoromorpha as having asymmetrical parameres. 52. Reel system of aedeagus: (0) absent; (1) present. Coded as in Cassis and Schuh (2010) , the unique genital morphology has long been recognized as a diagnostic and synapomorphic feature of Saldidae, and is supported as such in our analyses.
53. Apical helicoid endosomal process: (0) absent; (1) present. This character is coded as in Cassis and Schuh (2010) , where within the Trichophora an apical helicoid endosomal process is restricted to the Lygaeoidea, Coreoidea and Pyrrhocoroidea. Accordingly, this feature is reconstructed as a synapomorphy of the (Pyrrhocoroidea (Coreoidea + Lygaeoidea)) clade in our analyses.
54. Ejaculatory reservoir of endosoma: (0) absent; (1) present. Coded after Cassis and Schuh (2010) , the ejaculatory reservoir is recovered as a synapomorphy for Pentatomomorpha in our analyses. 55. Spermatheca: (0) differentiated into duct and bulbous portion; (1) tripartite, with duct, section surrounded by muscles, and reservoir; (2) reduced or absent; (3) with gynatrial sac, fecundation canal and spermathecal tube; (4) formed by undifferentiated duct. The spermatheca in non-heteropteran Hemiptera consists of a fairly simple duct and bulbous pouch, the reservoir [see e.g., Bourgoin (1993) ; state 0 in our analysis]. A tripartite spermatheca that comprises a proximal duct, a median section that is typically surrounded by muscles [see e.g., Pendergrast (1957) and Miyamoto (1960) ], and a distal section, the reservoir that is covered with glandular units (Weirauch, 2008) is found in the majority of Terheteroptera, Leptopodomorpha and Dipsocoromorpha. Although not functioning as a sperm storage organ in Cimicomorpha, the structure is retained in most members of the group. The gerromorphan spermatheca is differentiated into a gynatrial sac, fecundation canal and spermathecal tube (state 3; see Andersen, 1982) . We have coded as state 4 (formed by undifferentiated duct) most Nepomorpha (see Mahner, 1993) and the Enicocephalomorpha (C. Weirauch, unpublished observations). Our P/ML reconstruction is ambiguous for the MRCA of Heteroptera (tripartite vs. duct and reservoir), while the ML/ML strongly (98% proportional likelihood) favors the notation of a spermatheca of the duct and reservoir type. A tripartite spermatheca was reconstructed for the MRCA of all Heteroptera except Nepomorpha.
56. Tripartite spermatheca reservoir: (0) without sclerotized flange; (1) reservoir with sclerotized flange. Leston et al. (1954) commented on the similar spermathecal structure (reservoir with sclerotized flange) in Pentatomomorpha and Leptopodomorpha; its structure and distribution are widely documented in the literature. Our P/ML and ML/ML reconstructions of this character are both ambiguous, leaving undetermined whether the flanges in Leptopodomorpha and Pentatomomorpha are homologous.
57. Spermatheca (function): (0) sperm storage; (1) no sperm storage. This character is coded after Schuh and Stys (1991) and , and its reconstruction is in line with previous results. Despite retaining the median spermatheca as a vermiform gland, the sperm storage function of the spermatheca was lost in the MRCA of Cimicomorpha. Secondary sperm storage structures (e.g., character 58) and traumatic insemination (Tatarnic et al., 2006) subsequently evolved multiple times within Cimicomorpha.
58. Paired lateral spermathecae: (0) present, on lateral oviducts; (1) absent; (2) present, on bursa copulatrix. Secondary spermathecae have evolved within the Cimicomorpha. Following Schuh and Stys (1991) , Weirauch (2008) , we here coded paired lateral spermatheca that arise from the bursa copulatrix for Tingidae and some Reduviidae (Harpactorinae), and paired lateral spermatheca that arise from the median oviduct for most Reduvioidea. The paired lateral spermatheca are synapomorphic for both Tingidae and Reduvioidea.
59. Ekblom's organ: (0) absent; (1) present. A unique structure of male Nabidae, this character is coded according to Schuh and Stys (1991) and , and recovered as a synapomorphy for Nabidae. The morphology of the structure was documented by scanning electron microscopy by Schuh and Slater (1995) . 60. Trichobothrial "pads" (trichoma): (0) absent; (1) present. Coded after Cassis and Schuh (2010) and describing specialized microsculpture around the base of the abdominal trichobothria in Lygaeoidea, Pyrrhocoroidea and Coreoidea. It is recovered as a synapomorphy of the Pyrrhocoroidea + Lygaeoidea + Coreoidea clade in our P/ML reconstruction.
61. Trichobothrial pattern on abdominal sternum 3: (0) none; (1) multiple submedial and 2 lateral; (2) 1 submedial; (3) 3 submedial; (4) 3 lateral; (5) 2 lateral. This and subsequent abdominal trichobothrial characters (characters 61-66) are coded according to Cassis and Schuh (2010) . The P/ML optimization for the MRCA of Trichophora is ambiguous (either multiple submedial/two lateral or one submedial), but the ML/ ML reconstruction strongly favours state 2 (98% proportional likelihood). Two lateral trichobothria were recovered as a synapomorphy of Pentatomoidea. The MRCA of the Pyrrhocoroidea + Lygaeoidea + Coreoidea clade was reconstructed as having possessed one submedial trichobothrium, with multiple transitions within that clade.
62. Trichobothrial pattern on abdominal sternum 4: (0) none; (1) multiple submedial and 2 lateral; (2) 1 submedial; (3) 3 submedial; (4) 3 lateral; (5) 2 lateral. Optimization of this character is similar to character 61.
63. Trichobothrial pattern on abdominal sternum 5: (0) none; (1) 2 lateral; (2) 3 lateral; (3) 1 sublateral. Optimization of this character is similar to character 61.
64. Trichobothrial pattern on abdominal sternum 6: (0) none; (1) 2 lateral; (2) 3 lateral; (3) 1 sublateral; (4) 3 lateral. Optimization of this character is similar to character 61. The sublateral trichobothrium on sternum 6 in the Pachynomidae is of independent origin. 65. Trichobothrial pattern on abdominal sternum 7: (0) none; (1) 1 lateral; (2) 2 lateral; (3) 3 lateral. Optimization of this character is similar to character 64.
66. Length of abdominal trichobothria: (0) long; (1) short. Pentatomoidea, Idiostoloidea and Pyrrhocoroidea possess short trichobothria, while they are long in Coreoidea and Lygaeoidea. Our P/ML optimization reconstructs short trichobothria in the MRCA of Trichophora, with one transition to long trichobothria that constitutes a synapomorphy of Coreoidea + Lygaeoidea.
67. Egg respiratory structures: (0) never with micropyles and aeropyles around operculum; (1) with micropyles and aeropyles around operculum; (2) with projecting micropylar processes. Simplified from Schuh and Stys (1991) , only Cimicomorpha were here coded as possessing eggs with both micropyles and aeropyles around the operculum. The feature is recovered as a synapomorphy for Cimicomorpha.
68. Alary muscles of heart: (0) extending across 6-8 abdominal segments; (1) restricted to abdominal segments 5-8. Information on alary muscles is coded from Hinks (1966) , who examined and illustrated representatives of all infraorders except Dipsocoromorpha (here coded as "?"). He found that the alary muscles in Nepomorpha extend across six to eight abdominal segments, similar to the situation in non-heteropteran Hemiptera. Alary muscles were restricted to abdominal segments 5-8 in all remaining Heteroptera examined by him. This latter character is a synapomorphy for Heteroptera except Nepomorpha.
69. Origin of aliform muscles AM8 and AM9 of heart: (0) on tergum; (1) on sternum. The aliform muscles 8 and 9 originate on the tergum in those Auchenorrhyncha for which this character has been examined. In contrast, Hinks (1966) indicated that these muscles originate on the sternum in all Heteroptera examined by him. Our analyses recovered this feature as a synapomorphy for Heteroptera.
70. Origin of aliform muscle AM7 on heart: (0) on tergum only; (1) on sternum only; (2) split between tergum and sternum. Hinks (1966) found that the aliform muscle 7 originates on the tergum only in Auchenorrhyncha and Nepomorpha, on the sternum only in Gerromorpha, Leptopodomorpha, and most Terheteroptera, but that it is split between the tergum and sternum in Reduviidae (Pachynomidae not observed). The sternal position of AM7 is here recovered as a synapomorphy of Heteroptera except the Nepomorpha, with the split condition being a synapomorphy for Reduviidae or Reduvioidea (P/ML).
71. Gastric caeca on midgut: (0) absent; (1) present. Coded after Cassis and Schuh (2010) , gastric caeca play an important role as bacteriomes in many Trichophora that harbour symbiotic bacteria (Steinhaus et al., 1956) . Our analyses recover gastric caeca as a synapomorphy for the Trichophora.
72. Ileum: (0) well-developed; (1) reduced, pylorus and rectum in direct contact; (2) with rectal sac. According to Miyamoto (1961) , a well-developed ileum occurs in Nepomorpha, Saldidae and Aradidae, similar to the condition in the Auchenorrhyncha and some Coleorrhyncha. In contrast, the ileum is reduced with the rectum and pylorus being in direct contact in Gerromorpha, Dipsocoromorpha, Trichophora and Cimicomorpha. The MRCA of Heteroptera is here reconstructed to have possessed a well-developed ileum, while ambiguously suggesting either one reduction (with reversals in the Saldidae and Aradidae) or separate reductions in these groups (P/ML, ML/ML).
73. Metathoracic scent-gland opening: (0) single; (1) paired;
(2) absent. The metathoracic gland is reconstructed as a synapomorphy for Heteroptera, although its structure (single or paired opening) remains ambiguous in the P/ML reconstruction. The ML/ML strongly (99%) favors a single opening in the MRCA of Heteroptera. The paired openings are ambiguously optimized in Terheteroptera and Leptopodomorpha in the P/ML reconstruction, but ML/ML favours (71%) a single origin in the last common ancestor of Geoheteroptera.
74. Metathoracic scent gland opening, surrounding cuticle: (0) no scent gland grooves, peritreme and evaporatory area; (1) with scent gland groove, peritreme and often evaporatory area. Scent gland grooves, peritreme and evaporatory area are here coded as present for most Cimicomorpha and Pentatomomorpha. They are ambiguously optimized in the MRCA of Terheteroptera in the P/ML analysis, while the ML/ML supports (85%) a single origin of these structures with subsequent reduction, e.g., in the Reduvioidea and Pyrrhocoroidea.
75. Brindley's gland: (0) absent; (1) present. Coded after Schuh and Stys (1991) , Weirauch (2008) , Brindley's glands have long been recognized as a synapomorphy for Reduvioidea; our reconstruction is consistent with this interpretation.
76. First dorso-abdominal gland (DAG 1), tergites 3 and 4 (in immatures): (0) absent; (1) present. Often considered a diagnostic feature of Heteroptera, the evolutionary history of the three or four abdominal glands (characters 76-79) that are most obvious in the immatures appears to be more complex than previously assumed. Our optimization reconstructs DAG 1 as absent in the MRCA of Heteroptera, with those in certain Nepomorpha derived independently from those in the remaining Heteroptera. DAG 2 is recovered as a synapomorphy of Terheteroptera (with reductions in the Miroidea and within the Reduviidae), with the DAGs 2 in certain Dipsocoromorpha and Nepomorpha being of independent origin. The optimization for DAG 3 is similar to that for DAG 2, except that the optimization for the MRCA of Terheteroptera is ambiguous. DAG 4 is rare across Heteroptera, but occurs in Schizopteridae and Joppeicidae, while only a scar is visible in Ceratocombidae + Dipsocoridae. (1) normal, via gonoducts; (2) haemocoelic, via puncture of abdominal wall. This character is coded after Schuh and Stys (1991) . Haemocoelic insemination in our dataset is recovered as a synapomorphy for Cimicidae, Anthocoridae and Plokiophilidae (although Heissophilinae, a taxon not included in our dataset, probably does not engage in haemocoelic insemination), with haemocoelic insemination in prostemmatine Nabidae treated as a separate origin. Haemocoelic or traumatic insemination is assumed to also occur in certain Miridae, none of which are coded in this analysis.
Ancestral state reconstructions of habitat and lifestyles
Ancestral state reconstructions for macrohabitat are shown in Fig. 6 , and those for microhabitats and feeding types in Fig. 7 . Parsimony reconstructions are indicated by branch color with ambiguous optimizations shown as bicolored branches. Maximum likelihood reconstructions for selected nodes are represented as pie charts that show the proportional likelihoods of character states (likelihoods of less than 2% not shown). Parsimony and likelihood reconstructions are congruent for nodes where the parsimony optimization is unambiguous. For nodes where the parsimony reconstruction is ambiguous, the likelihood optimization offers arguments for favouring one character state over others at certain nodes. An example is the feeding type optimization of the MRCA of Pentatomomorpha that is ambiguous between mycophagy and phytophagy (seed or fruit feeder) in the parsimony optimization, while the proportional likelihood of 75% for phytophagy (seed or fruit feeder) suggests that mycophagy more likely evolved in the Aradoidea lineage, and not in the MRCA of Pentatomomorpha. In other instances, e.g., the microhabitat reconstructions of the MRCA of Heteroptera and subsequent deep nodes, neither the parsimony nor the likelihood optimizations provide a clear hypothesis.
The MRCA of Heteroptera is reconstructed as terrestrial (Fig. 6) , with transitions to aquatic habitats in Nepomorpha, and to water-surface dwelling in Gerromorpha. Switches to hygropetric and/or littoral riparian habitats occurred in both groups. The MRCAs of Heteroptera except Nepomorpha, Geoheteroptera and Terheteroptera were terrestrial according to our analyses: while the parsimony optimization for the MRCA for Leptopodomorpha + Terheteroptera is ambiguous (terrestrial/hygropetric and/or littoral riparian habitats), the likelihood optimization favors the terrestrial habitat (99% proportional likelihood). Transitions from terrestrial to hygropetric and/or littoral riparian habitats occurred within the Dipsocoromorpha (Dipsocoridae) and in the MRCA of Leptopodomorpha (proportional likelihood of 73%). A transition from aquatic to hygropetric and/or littoral riparian habitats occurred in the Nepomorpha, in the Ochteroidea.
Microhabitat optimizations (Fig. 7, right panel) are more complex, as expected based on the observed diversity of feeding types across Heteroptera, but also within infraorders, superfamilies and families (Fig. 7,  right panel) . The microhabitat optimization for the MRCA of Heteroptera is ambiguous in both reconstructions, with the likelihood optimization showing highest, but nevertheless very low, proportional likelihoods for aquatic (36%) or plant-dwelling (33%). The situation for the MRCA of Heteroptera except Nepomorpha is similarly unresolved (plant-dwelling 37%, aquatic 12%, hygropetric 33%; all remaining less than 10%). The proportional likelihood for plant-dwelling is slightly higher for the MRCA of Geoheteroptera (44%), with a hygropetric habitat the next likely optimization (38%). The MRCAs of Terheteroptera, Pentatomomorpha and Cimicomorpha are unambiguously optimized as plant-dwelling. The following paragraph highlights some of the transitions within infraorders. In line with the macrohabitat optimization, the MRCA of Nepomorpha is here reconstructed as aquatic with one transition to hygropetric microhabitats in the Ochteroidea. Optimizations for the MRCA of Gerromorpha + Enicocephalomorpha + Dipsocoromorpha are ambiguous, but reconstructions within the clade suggest that the MRCA of Gerromorpha inhabited the water-surface or hygropetric microhabitats, while those of Enicocephalomorpha and Dipsocoromorpha inhabited leaf litter or soil and leaf litter/wet moss, respectively. The MRCA of Leptopodomorpha was reconstructed as hygropetric. The MRCA of Pentatomomorpha was ambiguously optimized as plant-or bark-dwelling in the parsimony optimization, while the likelihood reconstruction favours the plant-dwelling state (proportional likelihood of 67%). All major nodes within Pentatomomorpha were reconstructed as plant-dwelling, with multiple transitions to living on the ground and in the soil. Plant-dwelling was also reconstructed for most major nodes within the Cimicomorpha with shifts to leaf litter, the ground, spider webs in different lineages and varied microhabitats in Cimicoidea (ground/bark/vegetation, also includes vertebrate nest-dwelling in Cimicidae).
Our reconstruction of feeding types across Heteroptera indicates that the switch from phytophagy to predatory habits occurred in the MRCA of Heteroptera and that the predatory lifestyle was retained across much of the backbone phylogeny of Heteroptera with multiple transitions to phytophagy and other feeding types within different infraorders. In the non-terheteropteran infraorders, transitions to feeding types other than active predation only occurred in the Corixidae that mostly feed on algae and aquatic plants, and in Gerromorpha that were here coded and reconstructed as predators and/or scavengers. Predation was also the feeding type reconstructed for the MRCA of Terheteroptera (both parsimony and likelihood). Feeding types are much more varied within the Pentatomomorpha and Cimicomorpha, where we reconstructed numerous switches. The MRCA of Pentatomomorpha was reconstructed as seed or fruit feeding in the likelihood optimization (75% proportional likelihood; ambiguous in the parsimony reconstruction), with transitions to mycophagy (Aradidae), vegetative plant feeding (multiple transitions within Pentatomoidea, Coreoidea and Lygaeoidea), mixed feeding (phytophagy/predation/scavenging; Berytidae) or a reversal to predation (some Pentatomidae). The MRCA of Cimicomorpha was unambiguously optimized as predatory, with a transition to phytophagy in the MRCA of Miroidea (with multiple subsequent reversals to predation and mixed feeding within the Miridae). The predatory habits in Reduvioidea, Cimicoidea, Naboidea and Microphysoidea would therefore be homologous with that feeding strategy in the non-terheteropteran predatory groups, while the phytophagous strategies in Pentatomomorpha and Miroidea are independently derived. Two transitions to hematophagy are reconstructed in the Cimicidae and within Reduviidae (Triatominae); a third instance-in the Cleridini seed bugs that are nested within the Lygaeoidea-was not coded in this analysis. 
Discussion
Phylogeny of Heteroptera
Our attempt to shed light on infraordinal and superfamilial relationships within Heteroptera differs from recently published studies with similar focus and taxon sampling (Li et al., 2012; Weirauch and Stys, 2014; Wang et al., 2016; Li et al., 2017) in several important aspects. It is the first analysis published since Wheeler et al. (1993) that includes combined analyses of morphological and molecular data. It is one of few published sets of analyses where total evidence topologies are congruent for critical nodes (e.g., earliest diverging lineage within Heteroptera; Gerromorpha + Dipsocoromorpha + Enicocephalomorpha clade) between four different analytical approaches (fixed and dynamic alignments with parsimony and maximum likelihood). In the following paragraphs, we focus on relationships among infraorders and superfamilies within infraorders, while highlighting morphological synapomorphies. Our discussion follows the topology seen in the combined ML analysis (Fig. 5 ), but references results of the POY and parsimony analyses (Figs 3 and 4) where appropriate. Results are discussed on a node-by-node basis starting at Heteroptera and working down to the family-group level in some cases. Our results indicate that the seven heteropteran infraorders recognized by Stys and Kerzhner (1975) are monophyletic. This result is consistent with recently published molecular phylogenies (Li et al., 2012; Wang et al., 2016 ; but see Li et al., 2017 for paraphyly of Cimicomorpha).
Heteroptera as the sister group of Coleorrhyncha. All of our analyses recognize the Heteroptera as sister to the Coleorrhyncha, as have nearly all published analyses-irrespective of data sources-in the past beginning with Schlee (1969) . However, a recent phylogenomic analysis of insects using transcriptome data has found support for a sister group relationship of Coleorrhyncha with Auchenorrhyncha (Misof et al., 2014) . Irrespective of the high support for Heteropterodea in our ML and POY analyses, we therefore caution that this proposed relationship should be further scrutinized and that including additional outgroup taxa will be required to settle this question.
Heteroptera monophyly. This grouping dates to the work of Latreille (1810) and has been recognized by virtually all subsequent workers. All our analyses found highest support for this clade. The apomorphic characters (10 unambiguously optimized in the P/ML reconstruction) include commonly used diagnostic features for Heteroptera, including the four antennal segments (8-2), the labium inserted ventrally anterior to a gula (15-1), the short bucculae (19-1), the coriaceous forewing, the so-called hemelytron (25-1) and the dorsal laterotergites (44-1). Pretarsal characters feature prominently, including the presence of parempodia (39-1), a setiform dorsal arolium (41-0), and the absence of a bladderlike, permanently inflated arolium (43-0) that occurs in many of the outgroups. Recent analyses have placed either Enicocephalomorpha or a combination of Gerromorpha, Enicocephalomorpha and Dipsocoromorpha as the sister group of Heteroptera (see Discussion below). Since most species in these groups have a corium that is restricted to the anterior and proximal veins of the forewing (25-2), a later origin of a well-developed corium within the Heteroptera seemed a reasonable assumption. All our analyses agree in treating Nepomorpha, where most members possess a welldeveloped corium, as the sister group to all remaining Heteroptera, and a well-developed corium is therefore reconstructed for the MRCA of Heteroptera.
Nepomorpha
as sister to the remaining Heteroptera. Schuh (1979) and Wheeler et al. (1993) recovered the Enicocephalomorpha as the sister group of the remaining Heteroptera and this infraorder is now commonly treated as such in the reference and secondary literature (e.g., Schuh and Slater, 1995; . Enicocephalomorpha + Dipsocoromorpha are the sister clade to the remaining Heteroptera in Wang et al. (2016) , while Enicocephalomorpha + Dipsocoromorpha + Gerromorpha + Nepomorpha together are sister to all remaining Heteroptera in the analysis by Li et al. (2017) . All our analyses, as well as the work of Li et al. (2012) , recovered the Nepomorpha as the sister group to the remaining true bugs. As pointed out by Li et al. (2012) and others, this result has historical precedence, although the conclusions of Mahner (1993) , for example, were based on a taxon sample that did not include data for the Dipsocoromorpha and Enicocephalomorpha, as has been true in many other older (non-cladistic) studies of true bugs. The clade comprising Heteroptera except the Nepomorpha is morphologically supported by characters including a longer scape and pedicel (10-1, 11-1), and the mesepimeron with suture line across the ventral third (23-1). Two characters derived from the internal anatomy of the dorsal vessel and associated muscles (as documented by Hinks, 1966) also support this clade, while treating the restriction of the alary muscles of the heart to abdominal segments 5-8 (68-1) and the exclusively sternal origin of the aliform muscle AM7 (70-1) as synapomorphies. Less clear cut, the presence of the first dorsal abdominal gland (between tergites 3 and 4) is also treated as synapomorphic for that clade, treating its presence in certain Nepomorpha as convergences. We argue that the latter is probably the result of incomplete taxon sampling combined with the poorly resolved relationships within Nepomorpha; we predict that more comprehensive analyses will probably recover this gland as one of the synapomorphies of Heteroptera. Given the controversy around the position of Nepomorpha and the modest number of morphological synapomorphies, our results are somewhat surprising in their consistent recovery of Nepomorpha + remaining Heteroptera across all combined analyses and the high branch support values (ML: 97%; P: 98/99%; POY: 100%). We stress that additional morphological and molecular character exploration and analyses with more thorough taxon sampling will be required when attempting to resolve this critical set of relationships.
Nepomorpha monophyly and relationships. In line with recent publications, Nepomorpha-including the Pleidae-are strongly supported in all our analyses. Morphological synapomorphies include the unique placement of the antennae in a ventral position on the head when at rest (9-2), the short distiflagellomere (13-0) and presence of a ventral arolium (42-0). Relationships among superfamilies of Nepomorpha are only partially congruent with recently proposed hypotheses (Hebsgaard et al., 2004; Wang et al., 2016) . Our analyses find weak support for a sistergroup relationship between Nepoidea with the remaining Nepomorpha, a result also recovered by Hebsgaard et al. (2004) . The ML tree in Wang et al. (2016) recovered Corixoidea as the sister group to all remaining Nepomorpha. Ochteroidea form the sister group to a clade comprising Corixoidea, Naucoroidea, Pleoidea and Notonectoidea. In Hebsgaard et al. (2004) , Ochteroidea were deeply nested within Nepomorpha. Li et al. (2014) analyzed the mitochondrial genome dataset generated by Hua et al. (2009) with and without distant outgroups included, resulting in two optimal trees that recovered Corixoidea or Corixoidea + Pleoidea as sister to all remaining Nepomorpha, a monophyletic Nepoidea + Ochteroidea, with Naucoroidea either as sister taxon of Notonectoidea or the Nepoidea + Ochteroidea clade. Support for most of the proposed relationships is weak in the present and in previously published studies, begging for analyses with improved taxon and character sampling.
Enicocephalomorpha + Dipsocoromorpha + Gerromorpha as a monophyletic group. This grouping is recovered in all of our combined analyses, with support that ranges from modest to fairly strong (ML: 70%; P: 90/97%; POY: 83%). This result runs contrary to those of Wang et al. (2016) where Enicocephalomorpha + Dipsocoromorpha were recovered as the sister group to all remaining Heteroptera, the Neoheteroptera, while within that clade Gerromorpha were supported as sister to the Panheteroptera. Li et al. (2012) presented four different topologies for the infraorders in question: (1) fig. 7 , Bayesian inference of nuclear dataset); (4) Dipsocoromorpha + Gerromorpha that form a polytomy with Enicocephalomorpha, Leptopodomorpha and Terheteroptera (their fig. 7 , likelihood of nuclear dataset). The molecular phylogenetic study by Weirauch and Stys (2014) based on ribosomal genes was designed to test the monophyly of Dipsocoromorpha, for the first time with significant ingroup (representatives of the three speciose families) and outgroup (all heteropteran infraorders) taxon sampling. The resulting likelihood topology recovered Enicocephalomorpha in the "traditional" position as sister to the remaining Heteroptera and Dipsocoromorpha as sister to Geoheteroptera, although all deep nodes lacked support. The most recently published phylogeny of Heteroptera by Li et al. (2017) recovered yet another hypothesis, i.e., (((Gerromorpha + Enicocephalomorpha) + Dipsocoromorpha) + Nepomorpha). Only three morphological synapomorphies support the proposed clade of Gerromorpha, Enicocephalomorpha and Dipsocoromorpha in our analysis. The three infraorders are united by the poorly developed corium that is restricted to the anterior and proximal veins (25-2) in most species (note that certain Schizopteridae have a larger corium that we here interpret as secondary). Although fairly homoplastic across the Heteroptera, our analysis also suggests that the lack of a claval commissure with wings overlapping posterior to the scutellum-as observed in Gerromorpha, Dipsocoromorpha and part of the Dipsocoromorpha (reversal in Schizopteridae)-is a synapomorphy of this group (30-0), as is the tarsal segmentation of the immatures (38-0).
Gerromorpha monophyly. The many works of the late N. M. Andersen (and co-authors) laid the modern foundation for the recognition of Gerromorpha as a monophyletic group, but as noted above the concept dates back to Dufour (1833) . The cephalic trichobothria with deeply recessed bases and the structure of the female internal genitalia are characters identified by Andersen as synapomorphic for the group. Morphological synapomorphies based on our analyses are the specialized structure of the trichobothrial base (7-1), the reduction of frena (26-0), presence of a ventral arolium (42-0) and the highly specialized modification of female spermatheca (55-3). Because we have included a sample of only four families, with one representative from each, we do not place great credence in the topological arrangement of these taxa, but argue only for the monophyly of Gerromorpha itself.
Dipsocoromorpha + Enicocephalomorpha monophyly. Given that virtually every possible topology for the non-terheteropteran infraorders of Heteroptera has been proposed in recent times, it is surprising that a sister-group relationship between Dipsocoromorpha and Enicocephalomorpha was only recently reconstructed, and with high branch support (Wang et al., 2016) . Enicocephalomorpha group with Dipsocoromorpha in all our analyses, although with variable support (ML: 57%; P: 96/98%; POY: 83%). A single morphological synapomorphy supports this clade in our analyses, the expanded anteriormost longitudinal vein of the forewing that reaches the apex of the wing (29-1). We are not aware of any other putatively synapomorphic morphological characters for the two groups discussed in the literature, but encourage future targeted exploration and interpretation of additional character systems.
Dipsocoromorpha monophyly. Our results are in line with Weirauch and Stys (2014) , who recently tested and corroborated the monophyly of Dipsocoromorpha based on a sample of Ceratocombidae, Dipsocoridae and Schizopteridae; the monophyly of Dipsocoromorpha based on the same three families was also supported by Wang et al. (2016) . Hypsipterygidae and Stemmocryptidae are not included in our present analyses, but the three remaining families are monophyletic, as is the infraorder with high branch support (ML: 100%; P: 100/100%; POY: 100%). Unambiguous morphological synapomorphies for the Dipsocoromorpha based on our analyses include the reduction of a dorsal arolium (41-2) and the reduced first abdominal spiracle (49-1), while additional putative synapomorphies are optimized ambiguously [e.g., asymmetrical parameres (51-1)]. Metacoxal adhesive pads are here treated as a synapomorphy of Schizopteridae (33-1) since they are absent in the coded Ceratocombidae and Dipsocoridae, but Stemmocryptidae were documented to possess a potentially homologous structure ( Stys, 1982) . The proposed sister-group relationship between Ceratocombidae and Dipsocoridae is consistent with published molecular data (Weirauch and Stys, 2014) as well as unpublished molecular datasets that included a more diverse sample of Ceratocombidae. Morphological support comes from the presence of the dorsal abdominal glands 2 and 3 (77-1, 78-1) that are absent in Schizopteridae, Enicocephalomorpha and Gerromorpha. The list of synapomorphies for Schizopteridae includes reniform eyes (3-1), a claval commissure without interlocking mechanism (30-1), presence of a permanently inflated arolium (43-1), and the absence of the first dorsal abdominal gland (76-0), in addition to the above-mentioned metaxocal pad. Inclusion of the remaining two dipsocoromorphan families using a more extensive morphological dataset with a focus on Dipsocoromorpha has the potential to consolidate the phylogeny and classification of this group of minute bugs.
Enicocephalomorpha
monophyly. Our sample contains five taxa, four members of the evidently monophyletic grouping Enicocephalidae, and one representative of the enigmatic Aenictopecheidae. As in Wang et al. (2016) , the monophyly of Enicocephalomorpha receives highest support in all our analyses. There is little doubt about the monophyly of the Enicocephalomorpha on the basis of morphology, in view of the unique structure of the head (0-1; 5-1; 19-0), foreleg (32-1; 36-0; 37-1), and male and female genitalia (47-0; 48-0), among other characters.
Geoheteroptera. Leptopodomorpha + Terheteroptera monophyly. This grouping has been recovered in several previous studies involving the use of ribosomal/mitochondrial sequence data as well as morphology (Wheeler et al., 1993; Wang et al., 2016; Li et al., 2017) . The present analysis is the largestand arguably most diverse-sample of Leptopodomorpha included in any study containing molecular data, which lends further credence to the sister-group relationship of Leptopodomorpha and Terheteroptera. We here propose the name Geoheteroptera for this clade, in reference to one of the historical concepts of Geocorisae (see below), but using "-heteroptera" as ending as already done for other clades above the infraorder level in Heteroptera. Synapomorphies include the wing-thorax coupling device being formed by microtrichia located on a knob-like process (28-3), close to the original description of Cobben's "Druckknopf" (Cobben, 1957) . In addition, the position of abdominal spiracles 2-8 on the sterna (46-1), the reservoir of the tripartite spermatheca with flanges (56-1; but see character discussion), and the metathoracic scent gland with paired openings (73-1) are here interpreted as synapomorphies of this clade.
Leptopodomorpha monophyly. Few have argued with the theory of Leptopodomorpha as a monophyletic group, with the notable exception of China (1941) in his treatment of Leotichius Distant as a distinct family; interestingly, Distant (1904) himself included Leotichius in the Leptopodidae. We include Leotichius in our taxon sample and find that it groups with Valleriola Distant in support of the morphology-based conclusions of Schuh and Polhemus (1980) that Leotichius is indeed just an autapomorphic leptopodid. Among the morphological characters supporting the monophyly of this group in our analysis are the short costal fracture (31-1), short parempodia (39-3) and an abdominal grasping apparatus in males that is unique for this clade (50-1).
Terheteroptera monophyly. This group comprises the two largest infraorders of true bugs, the Cimicomorpha and Pentatomomorpha, a clade that has sometimes been referred to as Geocorisae sensu stricto or Geocorisae. Geocorisae as originally conceived by Dufour (1833) included Pentatomomorpha, Cimicomorpha and Leptopodomorpha, but also part of the Nepomorpha (the superfamily Ochteroidea). The concept varied during the past two centuries, to include or exclude Leptopodomorpha, but mostly included Enicocephalomorpha and Dipsocoromorpha, and always excluded Nepomorpha (Spooner, 1938; Leston et al., 1954; China and Miller, 1955; Pendergrast, 1957; Miyamoto, 1961;  see table 1 in Stys and Kerzhner, 1975) . Although now sometimes defined as only comprising Pentatomomorpha and Cimicomorpha (e.g., Cassis and Schuh, 2010) , we here refer to this taxon as Terheteroptera (following Weirauch and Stys, 2014) and refrain from using the potentially misleading name Geocorisae. All recent analyses, and particularly those incorporating nucleotide sequence data, support the group as monophyletic. Schuh (1979) and Wheeler et al. (1993) argued that the loss of the dorsal arolium in all life stages is diagnostic for the group, but recent comparative analyses have shown dorsomedian sensillum in some Cimicomorpha (Weirauch, 2005; . The present analysis recovers the loss of cephalic trichobothria (6-1), presence of a claval commissure with interlocking mechanism (30-2), absence of a setiform dorsal arolium (41-2), the metathoracic scent glands with scent gland groove, peritreme and often evaporatory area (74-1), and presence of the second and third dorso-abdominal gland (DAG 2 and 3) (77-1, 78-1) as synapomorphies.
Cimicomorpha monophyly. Of all the infraorders, Cimicomorpha demonstrates possibly the greatest morphological heterogeneity with regard to diagnostic characters. Although a structure that is homologous to the spermatheca in other Hemiptera is present in most Cimicomorpha, this structure does not store sperm (see summary in Schuh and Stys, 1991) , and secondary sperm storage organs have evolved in different lineages, e.g., lateral pseudospermathecae in Reduvioidea and independently in Tingidae. This diverse morphological landscape is further complicated by multiple origins of traumatic insemination, in the Cimicoidea (Carayon, 1966 (Carayon, , 1974 , the Nabidae (Carayon, 1950 (Carayon, , 1961 and the Miridae (Tatarnic et al., 2006; Tatarnic and Cassis, 2013) , and male genital asymmetry. Nonetheless, many analyses, including our likelihood analyses, treat Cimicomorpha as a monophyletic group. Among the synapomorphies discussed in the literature are micropylar structure in the egg, prepedicellite, the anterior articulation of the labium, a fossula spongiosa and a greatly reduced dorsal arolium (Schuh and Stys, 1991; . The anterior articulation of the labium (15-2), reduction of the spermathecal flange (56-0), the loss of the sperm storage function of the spermatheca (57-1) and the micropylar arrangement on the egg (67-1) are recovered as synapomorphies of Cimicomorpha in our analysis.
Relationships among Reduvioidea, the CMN clade and Miroidea. Relationships of major lineages within Cimicomorpha have remained controversial, with the superfamilies sometimes referred to as Cimiciformes (Cimicoidea, Naboidea, Velocipedoidea, Microphysoidea and Joppeicoidea) either recovered as paraphyletic or monophyletic, and Reduvioidea typically placed as sister to all remaining lineages, and part of the non-reduvioid Cimicomorpha treated as sister taxon to the Miroidea (Schuh and Stys, 1991; ). The term Miriformes was coined to refer to a lineage comprising Microphysoidea, Joppeicidoidea and Miroidea recovered by Schuh and Stys (1991) . Although lacking representatives of Velocipedidae, our likelihood analysis recovers a sister-group relationship between Reduvioidea and the CMN clade + Miroidea, but is poorly supported (RAxML: < 50%), suggesting that additional combined analyses with better taxon and character sampling are essential to settle this question. The list of morphological synapomorphies only comprises twosegmented tarsi on the hindleg (37-1), reduction of the first abdominal spiracle (49-1) and reduction of the third dorso-abdominal gland (78-0).
Reduvioidea monophyly. Harris (1930 Harris ( , 1931 and Cobben (1968 Cobben ( , 1978 treated Pachynomidae as related to the Nabidae, in spite of their possessing several characters that unite them with the Reduviidae. Carayon and Villiers (1968) provided persuasive arguments concerning the reduvioid affinities of Pachynomidae; corroboration is provided by the analysis of morphological and transcriptome-level sequence data (Weirauch, 2008; Zhang et al., 2016a,b) and in the morphological work of Schuh et al. (2015) . Although Reduvioidea are monophyletic and well supported in all our analyses, Reduviidae are rendered paraphyletic in some (POY and TNT), with Pachynomidae forming the sister taxon to the Higher Reduviidae, with the two included representatives of the Phymatinae Complex being the sister to all remaining Reduvioidea; support for Reduviidae in the RAxML analysis is very high (99% bootstrap). The monophyly of Reduviidae appears to be well supported based on morphological characters (Weirauch, 2008) , but future combined morphological and molecular analyses should include additional pachynomid taxa as well as better sample diversity across the Phymatine Complex and early diverging lineages within the Higher Reduviidae (Hwang and Weirauch, 2012) . The list of morphological synapomorphies for Reduvioidea in our analysis is long and includes many characters discussed in the literature, e.g., the ocellar position [5-1], pedicellar trichobothria [14-1], paired lateral spermathecae [58-0], a split of the origin of the aliform muscle AM7 between the sternum and tergum [70-2] and Brindley's glands [75-1], among others. [Cimicoidea, Microphysoidea (including Joppeicoidea) and Naboidea]. This group was not recovered in the morphology-based analysis by Schuh and Stys (1991) , but was supported in the combined morphological and molecular analysis in . Several morphological synapomorphies were discussed in the latter paper (e.g., fossula spongiosa, forewing venation, paramere orientation). Support for the CMN clade ranges widely across our present analyses (RAxML: 98%, POY: 0.78; not recovered in TNT), and we recovered only two unambiguously optimized morphological synapomorphies, spherical eyes (3-0) and cephalic trichobothria (6-0). Microphysidae + Joppeicidae are supported as sister taxa with high or moderate support in all analyses (RAxML: 99%; TNT: 99/100%; POY: 67%); morphologically the two taxa are united by the short first labial segment (16-0) and the reduction of evaporatory areas associated with the metathoracic scent glands (74-0). The two families are species-poor and based on the strongly supported monophyly in most of our analyses, we here unite them into the superfamily Microphysoidea. Cimicoidea and Naboidea are recovered as well-supported sister taxa in the likelihood and POY analyses. The rarely collected families Velocipedidae and Medocostidae should be included in future combined analyses to more thoroughly evaluate and test our current result that recognizes three distinct lineages within the CMN clade that correspond to the superfamilies Cimicoidea, Microphysoidea and Naboidea. We have attempted to sequence recently collected alcohol-preserved specimens of Velocipedidae, but without success. None of our analyses support the concept of Miriformes that proposed a closer relationship of some of the members of the CMN clade with Miroidea (Schuh and Stys, 1991) .
CMN clade monophyly
Miroidea monophyly. failed to recover Thaumastocoridae as monophyletic, whereas the likelihood analysis presented here offers moderate support (72%) for a sister-group relationship between the two morphologically divergent thaumastocorid subfamilies, Thaumastocorinae and Xylastodorinae, and places this clade within the Miroidea with strong support (90%). Miroidea had previously been recovered in morphology-based analyses (Schuh and Stys, 1991) , and in addition to Thaumastocoridae includes the exclusively phytophagous Tingidae and the Miridae. Two of our analyses reconstruct Miridae and Tingidae as sister clades (TNT: < 50%, RAxML: 73%), while the POY topology does not recover this clade. Morphological support for Miroidea stems from synapomorphies that include moderately elongate bucculae (19-2), the absence of a dorsal arolium (41-2), the ventral laterotergites absent or fused with the sterna (45-1) and asymmetrical parameres (51-1). Miridae + Tingidae are tentatively supported by the loss of ocelli (4-1; but see character 4 for further discussion) and the loss of DAG 2 (77-0). Relationships within Miridae are poorly supported and differ between analyses. The RAxML analysis recovers some of the traditional, morphology-based hypotheses proposed by Schuh (1974 Schuh ( , 1976 ) that treated Orthotylinae and Phylinae as sister taxa. Other elements of these early hypotheses, i.e., the notion that Isometopinae are the sister to all remaining Miridae, have rarely been recovered in recent molecular (Jung and Lee, 2011) and combined analyses and are not supported by the present analyses. Phylogenetic relationships within the largest family of true bugs are clearly in need of additional scrutiny.
Pentatomomorpha
monophyly. The seemingly overwhelming evidence for the monophyly of the Pentatomomorpha has been discussed by many authors, including the presentation of Cassis and Schuh (2010) and all three large-scale molecular studies. Although Leston et al. (1954) treated Aradidae [Aradoidea] as belonging to the group, Sweet (2006) has argued for the elevation of Aradidae to the rank of infraorder, presumably on the basis of autapomorphy. The unproductive nature of that argument was discussed at length by Cassis and Schuh (2010) . Our analysis treats, among other features, the ridge-like Druckknopf (28-2), distinctive pulvilli (40-2) and the presence of an ejaculatory reservoir of the endosoma (54-1) as morphological synapomorphies.
Trichophora monophyly and relationships. This grouping, first recognized and named by Tullgren (1918) , has been recognized by most subsequent authors and was codified in its modern sense by Leston et al. (1954) . Our analyses support the grouping as well as the recognition of the subdivisions Idiostoloidea and Pentatomoidea in all of the analyses, and Pyrrhocoroidea, Lygaeoidea and Coreoidea in at least some of the analyses, in concert with the findings of Henry (1997) , Grazia et al. (2008) and others. Although hypotheses on the monophyly of and relationships between the superfamilies differ between analytical approaches, the likelihood analysis provides a fairly well-supported topology in which Idiostoloidea are supported as sister to all remaining trichophoran lineages. Idiostoloidea were first recognized by Henry (1997) and treated by him as the sister group of other non-pentatomoid Trichophora. Our analyses suggest that Idiostoloidea are probably the sister group of the remaining Trichophora, a relationship that may better explain some of the peculiar morphological attributes displayed by its members, including the lack of a spermatheca, the novel trichobothrial patterns and the absence of a vesica. Pentatomoidea receive highest support and are sister to a clade (78% bootstrap) that comprises (Pyrrhocoroidea + (Coreoidea + Lygaeoidea)). While Pyrrhocoroidea are highly supported (97%), support for the Coreoidea + Lygaeoidea clade is lower (83%). Our hypothesis on superfamily relationships within the Trichophora is in contrast to Li et al. (2005;  paraphyletic Coreoidea and Pyrrhocoroidea), Tian et al. (2011;  Pyrrhocoroidea sister to Coreoidea) and Li et al. (2017;  Pyrrhocoroidea sister to Lygaeoidea), but it is consistent with in treating Coreoidea and Lygaeoidea as sister taxa. Clearly, better taxonomic and character sampling is required to settle the controversy over relationships among trichophoran relationships.
Reconstruction of habitat and feeding types
Our reconstruction of feeding types, habitats and microhabitats is one of the first such analyses across Heteroptera, and the first with critical taxonomic sampling, but nevertheless only allows first glimpses into the evolutionary history of one of the ecologically most diverse groups of insects. Representation of feeding types and microhabitats for non-terheteropteran groups is fairly comprehensive in our analyses, although even here, diversity is incompletely sampled in certain groups (e.g., microhabitat diversity in Schizopteridae). This problem is more pronounced in the two highly diverse lineages, the Cimicomorpha and Pentatomomorpha, where feeding types and microhabitat reconstructions are a direct function of taxon selection. As an example, hematophagy is reconstructed as having evolved only twice (Cimicidae and triatomine Reduviidae), but a separate transition from phytophagous, seed-feeding behavior to hematophagy in Cleridini is well documented (Harrington, 1988) . For these reasons, our discussion mostly focuses on habitat and feeding shifts at deeper nodes.
In contrast to Wang et al. (2016) and despite Nepomorpha being recovered as the sister group to all remaining Heteroptera in our analyses, the MRCA of Heteroptera was here reconstructed as terrestrial in both parsimony and likelihood reconstructions. This result is consistent with ideas proposed by Sweet (1979) , although for different reasons. Our analyses also suggest that divergences of major lineages across Heteroptera occurred in terrestrial habitats, with multiple transitions to aquatic (Nepomorpha), hygropetric (Dipsocoridae within the Dipsocoromorpha, Leptopodomorpha) and water surface-dwelling habitats (Gerromorpha). Morphological modifications such as the dense cover of microtrichia found in Gerromorpha and Dipsocoromorpha are therefore probably convergent modifications and possibly adaptations to life in aquatic habitats. Although long recognized as a reversal to a terrestrial habitat from an aquatic ancestral habitat (Mahner, 1993) , Ochteroidea and their aquatic relatives offer a unique opportunity to investigate morphological, behavioral and physiological modifications during the transitions from aquatic to terrestrial habitat.
Our optimization of feeding types corroborates the hypothesis by Cobben (1978 Cobben ( , 1979 ) that the MRCA of Heteroptera was probably a predator, contra Sweet (1979) , who favoured the notion of a phytophagous heteropteran ancestor. The four fairly species-poor early diverging lineages within Heteroptera, Nepomorpha, Gerromorpha, Enicocephalomorpha and Leptopodomorpha, have retained predatory behaviors. In contrast, the predominantly phytophagous Pentatomomorpha (> 16 000 species) and Cimicomorpha that contain the speciose Miroidea (> 14 000 species) comprise the greatest species-level diversity within Heteroptera, suggesting that diversification rates might be positively correlated with phytophagous feeding habits.
The notable exception to this are Reduviidae, the second most speciose family-level lineages within Heteroptera that lineage only predatory and hematophagous species.
Microhabitat evolution in our analyses is more negatively impacted by the fact that microhabitat preferences vary widely even within lineages, resulting in a large number of nodes with ambiguous reconstructions. Much of the species-level diversification in Heteroptera occurred in Terheteroptera that account for 86% of the species-level diversity in the group. Intriguingly, the MRCA of that clade was reconstructed as probably having made a transition from ground-dwelling or hygropetric habitats to being associated with plants, and most of the diversification within Terheteroptera is equally associated with plant-derived microhabitats. Future analyses that include more significant taxon representation and are time calibrated have the potential to investigate diversification rate shifts across the heteropteran phylogeny, but can also test if diversification rate shifts are associated with certain microhabitat preferences and feeding types.
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